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In the terahertz (THz) band, high-harmonic operations of gyro-devices are attractive for 
the great potential to reduce the required external magnetic field strength, which is 
proportional to the oscillation frequency but inversely proportional to the operational 
harmonics. This thesis focuses on the study of high-harmonic operation of the gyro-
devices. Specifically, a high-harmonic large-orbit gyrotron (LOG) and the output system 
for a gyro-multiplier will be investigated.  
Firstly, the complex-cavity gyrotron, which is the foundation of the gyro-multiplier 
scheme, is studied by programming and computer simulation. The computer code and the 
complex-cavity operation are then verified by three-dimensional (3D) Particle-In-Cell 
(PIC) simulation. The code can be used as a preliminary design tool of the beam-wave 
interaction cavity for both the LOG and the gyro-multiplier. 
Secondly, a high-harmonic LOG operating with the TEm,1,1 modes (m=4-9) has been 
designed and investigated. It is shown that by proper choice of the operation parameters, 
selective excitation of oscillation from the fourth to the ninth harmonic of the electron 
cyclotron resonance can be achieved with kW-level output power from 230 GHz to 465 
GHz. By enabling the high-harmonics operation, the required external magnetic field 
strengths are reduced to the range between 2.6 T to 3.1 T. The parameter variation study 
is also performed to provide a general conclusion of the high-harmonic LOGs operation. 
Thirdly, this thesis presents the investigation of a quasi-optical output system for a 
fourth-harmonic gyro-multiplier in the THz band. A dual-harmonic quasi-optical mode 
converter (DQMC) and a frequency selective surface (FSS) are employed within this 
system. It is shown that the optimal design of the DQMC requires a special mode 
selection in the gyro-multiplier. The high-pass FSS is designed, fabricated and 
experimentally verified by a THz-TDS system. It is demonstrated that the designed FSS 
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Chapter 1 Introduction 
1.1 Overview 
The terahertz (THz) frequency range spans from 0.1 THz to 10 THz in the 
electromagnetic spectrum. It is between the microwave band and the infrared region, as 
shown in Figure 1-1. Although the scientists‘ attention had been paid to the THz radiation 
from at least 1920s [1], this part of electromagnetic spectrum had been poorly explored 
until recent years. In the past decades, the technology innovations in photonics and 
progress in the traditional microwave electronics have enabled the THz research to be 
expanded to many more sectors [2]. 
 
Figure 1-1: Schematic of the electromagnetic spectrum showing the location of THz band. 
(Reproduced from [3]) 
1.1.1 Properties of THz Radiation 
THz radiation has unique penetration properties. It is capable of penetrating a wide 
variety of visually opaque and non-conducting materials, such as ceramics, clothing, 
wood and plastic [4]. The penetration is non-ionizing since the photon energy of THz 
wave is four orders of magnitude smaller than that of X-rays [5]. Thus a THz probe can 
be non-destructive and non-invasive.  
THz radiation also has unique propagation characteristics. Unlike X-rays, it can be 
focused and manipulated in optics fashion by quasi-optical mirrors. And it has higher 
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spatial resolution and signal-to-noise ratio than the microwave due to the stronger 
interaction with materials [6].   
THz radiation can interact with matters via a number of mechanisms. In the material 
science, the electromagnetic wave has much stronger interaction with the molecular 
rotations in the THz band than that in the neighbouring bands [7]. For the biology science, 
the wavelengths in the THz band are very close to the bio-molecular vibrations. This 
property can be used to characterise the bio-molecular vibrations and obtain better 
understanding of such systems [8]. For the chemical science, the internal change of the 
chemical composition and material bond can impart information to the THz signal, and 
be detected by the phase and amplitude variations [9].  
1.1.2 THz Applications 
In the past two to three decades, numerous applications of the THz wave have emerged 
due to its unique properties.  
The THz radiation plays an essential part in the space and earth science. It can be seen 
from the Cosmic Background Explorer (COBE) spacecraft measurements that 
approximately one-half of the luminosity and 98% of the photons emitted since the Big 
Bang lie in the far-infrared region [2], within which the THz band is included. The 
photons in the THz frequency range provide important information about the formation 
of galaxies and new stars. For instance, Figure 1-2 is a schematic view of the collection 
telescope configuration used in a space-based far infra-red interferometer (FIRI) [10]. 
The light from the target is collected by the telescope and transmitted to the cold optics 
module, in which the frequency bands of interest are extracted to generate the 
interferograms. The obtained interferograms can be post-processed and cleaned to give 
the spectral information and data cube of the target. Other application of this category 
includes atmospheric observations, environmental monitoring [11], planetary and small-
body observations [2], and portable THz spectrometers [12]. 






Figure 1-2: The collection telescope scheme used in a space-based FIRI. The collected light from the 
target is directed to the cold optics module to obtain the interferograms. (Reproduced from [10])  
The THz radiation has indispensible applications in the spectroscopy and imaging. The 
THz pulse generated by the photo-conductive antenna or crystal is widely used in the 
THz Time Domain Spectroscopy (THz-TDS) systems, which allows for the 
characterisation of devices such as frequency selective surfaces (FSS), dielectric mirrors, 
artificial THz materials and modulators [13]. Furthermore, many materials can be 
examined using the THz emission spectroscopy [11] since they can emit THz waves by 
ultrafast modulation of the photo-excited carriers. As for the THz imaging, the THz wave 
has been applied in the holographic imaging [14], electro-optic imaging [15], near-field 
imaging [16] and dark-field imaging [17]. The THz-TDS and imaging techniques find 
their applications in security, material science, electronic engineering, biology and 
chemistry. For example, L-3 communications is cooperating with the Pacific Northwest 
National Laboratory of the United States to develop THz imaging systems in the 
frequency range from 30 GHz to 350 GHz [18]. Figure 1-3 shows one of the commercial 
personnel screening systems developed by L-3 communications for aviation security 
check [19]. The system is free of health risk to the passengers because no ionising 
radiation is involved. The imaging data is analysed automatically by software to 
determine if any threats are presented, which is also a favourable factor to protect the 























will be displayed and the individual can be cleared. When potential threats are detected, 
their locations will be mapped onto the generic mannequin image, as shown in Figure 1-3 
(c). 
 
Figure 1-3: The personnel screening system developed by L-3 Communications for aviation security 
check. (a) The system profile; (b) The screen shown to the operator when no threats are detected; (c) 
The detected threats are marked accordingly on a generic mannequin image instead of showing a 
real image. (Reproduced from [19]) 
The THz radiation has found important applications in the basic science. The sensitivity 
of modern nuclear magnetic resonance (NMR) for spectroscopy has been improved by 
about a factor of 100, using the microwave-driven dynamic nuclear polarisation (DNP) 
technology. And it has been demonstrated that by adopting high power THz radiation, the 
NMR could be extended to even higher magnetic fields, resulting much better spectral 
resolution [20]. Another well-known application of the high-power THz wave is the 
creation of megawatt-level continuous-wave (CW) radiation at frequencies between 70 
GHz and 240 GHz for electron cyclotron heating (ECH) in Tokamak as well as stellarator 
plasmas. Figure 1-4 shows the layout of the ECH system used in the ITER Tokamak [21]. 
The high-power THz radiation at 170 GHz is generated by gyrotrons which are located at 
(a) (c)
(b)





B15. The radiation is then directed by the transmission lines to the Tokamak building 
(B11) for heating of the plasma to the fusion-required temperature. Other basic research 
that requires high-power coherent THz radiation includes plasma diagnostics, electron-
spin resonance spectroscopy, atmospheric monitoring and so on [22].  
 
Figure 1-4: Layout of the Electron Cyclotron Heating (ECH) system in the ITER Tokamak [21]. 
HVPS is short for high-voltage power supplies. 
For the field of biology and medicine, the THz radiation can be used for disease detection, 
tissue identification, protein states and molecular signatures, monitoring of receptor 
binding, performing label-free DNA sequencing visualizing, and radiation effects on 
biological samples and biological processes [23]. Figure 1-5 introduces an interesting 
non-destructive approach for monitoring changes in the coffee leaf water content using 
THz waves [24]. Two CW lasers with very similar wavelengths and equal output power 
are employed to generate the beat frequency between 0 to 2 THz. The beat is then partly 
used for the excitation of a THz antenna and partly transmitted directly to the detector as 
reference signal. The THz radiation generated by the antenna, after going through the 
coffee leaf, is changed both in phase and amplitude due to the interaction with the water 
content. The phase and amplitude variation can then be used to determine the water 
content change of the leaf. 






Figure 1-5: Schematic view of the THz-based approach for monitoring the water content changes in 
the coffee leaf. (Reproduced from [24]) 
The THz communication has also been enabled by the advances of compact and stable 
sources. It is recognised as one of the most promising methods to meet the increasing 
demand for the high data rate communications [25]. Although such demand can be 
temporally accommodated with the advanced modulation schemes and signal processing 
techniques, to achieve data rates of or beyond 10 Gb/s seems challenging due to limited 
bandwidth in the microwave region. To explore more spectral resources in the future 
wireless communications, the THz band, especially the frequency band between 275 GHz 
and 3000 GHz which has not been allocated for specific uses, has attracted considerable 
attention. Besides being promising for indoor communications, the THz wave is also seen 
applicable in the secured wireless communication on battle field and deep-space 
communication [26]. Figure 1-6 is a proposed scheme for a hidden THz communication 
link based on the ultrawide bandwidth [27]. By encrypting a 1 Mb/s data signal using a 
long code sequence at a chip rate of 100 Gb/s, the decoder can describe a rejection ratio 
of about 40 dB for the jamming attached. Thus a potential adversary should possess 
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Figure 1-6: Schematic of view of a hidden THz communication link based on the ultrawide 
bandwidth. The spreading factor is     (100 Gb/s:1 Mb/s). T-ray means THz radiation. NBF is short 
for noise band filter, RX represents the receiver. (Reproduced from [27]) 
1.1.3 THz Sources 
The above applications can only be realised based on the successful development of 
reliable THz sources. There are numerous developed THz radiation sources as candidates 
for the above applications. These sources can be classified into three groups as Photonic 
Devices (PDs), Solid-state Devices (SSDs) and Vacuum Electronic Devices (VEDs). The 
output power variation with the operation frequency for a number of typical THz sources 
is summarised in Figure 1-7.  
1.1.3.1 Photonic Devices 
The PDs has served for a few decades as the pioneering THz sources. They are optical 
and laser devices that employ the frequency down-conversion techniques to generate THz 
radiation. The PDs can be divided into two types: the optical THz generators and the 





















Figure 1-7: The average output power of THz sources as a function of the frequency. This plot is 
based on the summary of a number of previous publications of overview [11, 28-33] and the recent 
literature reports [22, 34, 35]. CC-TWT stands for the coupled cavity travelling-wave tubes. BL 
refers to the beamline sources. EIK is short for the extended-interaction klystron. IMPATT is short 
for impact ionization avalanche transit-time diode. MMIC represents microwave monolithic 
integrated circuit. TUNNET means tunnel injection transit time. InP stands for InP power amplifier. 
RTD stands for resonant tunneling diode. UTC-PD is short for uni-travelling-carrier photodiode. 
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In the optical THz generators, the ultrafast modulated photocurrent is generated in a 
semiconductor or a photoconductive switch, using the photo-Dember effect or the 
electric-field carrier acceleration. Some other optical THz generator also utilises the 
nonlinear optical effects, such as the optical parametric oscillation, the optical 
rectification and difference-frequency generation (DFG), to generate THz emissions [11].  
The QCL has been firstly demonstrated at a lasing frequency of about 70 THz in 1994. 
The THz waves are emitted by means of electron streaming down between subbands of 
quantum wells [36]. After that, continuous effort has been devoted to lower the emission 
frequency of such device by means of resonant-photon assistance, external magnetic field, 
and new designs of gratings. The future development of QCL involves the reduction of 
the lasing frequency and the starting current, the increase of the operation temperatures, 
and the improvement of the quality of the THz beams [11].  
It can be seen from Figure 1-7 that the PDs, while being able to cover the frequency band 
between 0.1 THz and 10 THz, have limited output power capabilities.   
1.1.3.2 Solid-state Devices 
The SSDs are microwave electronic devices that transfer the kinetic energy of the 
conduction current in semiconductors to electromagnetic field energy. Typical SSDs 
include high frequency IMPATT, Gunn and TUNNET diodes [37]. They are compact and 
stable source capable of CW operation at room temperature. Starting from the millimetre 
wave band, the development of the solid-state devices has reached the low frequency end 
of the THz regime, and is progressing towards even higher frequency band [11], as 
shown in Figure 1-7.  
The operation frequencies of SSDs are generally limited by the effect of high frequency 
roll-off, which is caused by the finite transit time of carriers across the semiconductor 
junctions. Typically a CW operation at around 100 GHz can be obtained with output 
power of about 100 mW. Beyond 200 GHz, frequency multiplications with two or more 
diodes are usually adopted. Thus, between 100 GHz and 200 GHz, the output power is 





inversely proportional with the square of the operation frequency, while above 200 GHz, 
the former is inversely proportional with the cube of the latter [38]. 
1.1.3.3 Vacuum Electronic Devices 
The VEDs also belong to the microwave electronic devices. However, they are designed 
to transfer the kinetic or potential energy of the convection current in vacuum to THz 
emissions. Since these devices are based on the free electrons, they have the potential to 
deliver high-power THz emissions, which can also be seen from Figure 1-7. Thus, 
development of VEDs for THz radiation is useful in applications calling for high-power 
usually with considerably high efficiency. The VEDs include backward-wave oscillators 
(BWOs) [39], travelling wave tubes (TWTs) [40], klystrons [41], Smith-Purcell radiation 
devices [42], magnetrons [43], free electron lasers (FELs) [44], gyro-devices [45] and so 
on. After the development of more than a century, the VED family now covers over 12 
orders of magnitude in power and more than three orders of magnitude in frequency, 
while further advances are still foreseeable and anticipated.  
In the linear type of VEDs, electron beams are emitted by cathodes and accelerated by 
applied direct-current (DC) or pulsed voltage to gain longitudinal momentum and transit 
through the devices. External magnetic fields are usually employed to guide the electron 
beam and counterbalance the repulsive forces among electrons. At the entrance of the 
beam-wave interaction region, the electrons are uniformly distributed in a specified 
region and generate noise-level electromagnetic radiation. Then, due to the special 
interaction structure or external input signal, a preferred electromagnetic mode will be 
established and interact with the electron beam. The result of interaction is that some of 
the electrons are accelerated while others are decelerated and hence the electron bunching 
might be formed. The bunched electrons contain an alternating-current (AC) component 
which enables coherent radiation. As long as most of the electrons stay in the 
decelerating phase of the electromagnetic field, they will lose energy to the field which 
will in turn be amplified. After the process of beam-wave interaction, the spent electrons 
are collected by the collector and their kinetic energy is thermally dissipated [46]. 





To enable the beam-wave interaction in the linear type of VEDs, the synchronism 
condition should be fulfilled:  
                                                                      
where   represents angular frequency of the wave,    is the wavenumber of the wave in 
the   direction,    is the electron axial velocity,   denotes the harmonic number and   
represents the gyrating frequency of electron oscillations due to the external magnetic or 
electric field. The derivation of (1.1) can be found in the Appendix-I. In (1.1),      is 
called the Doppler term. The changes of the energy of the electron during the process of 
beam-wave interaction may have two consequences. One is the longitudinal bunching of 
the electron due to the changes of    values. The other one is the orbital bunching due to 
the dependence of   on the energy of the electron.  
When the transverse motion of the electron beam is negligible compared with the 
Doppler term, the synchronism condition can be simplified into  
    
 
  
                                                                
where     and   represent the phase velocity of the wave and the speed of light, 
respectively. This synchronism condition implies that only waves with     less than   
can interact with the electrons. To realise this particular condition, the slow-wave 
structures are usually used to decrease the phase velocity of the electromagnetic (EM) 
wave. The corresponding devices are called slow-wave devices, such as TWTs and 
BWOs. Figure 1-8 shows a typical TWT configuration where a helical structure is used 
as the slow-wave circuit. Since the dimension of a slow-wave structure is usually a 
fraction of the operation wavelength, the operation of slow-wave device will inevitably 
encounter the fabrication difficulties and high-power breakdown problem in the THz 
frequency range. 






Figure 1-8: Schematic view of a TWT [28]. 
Then, if   has a finite value, the synchronism condition stated in (1.1) will allows the 
electrons to interact with the fast wave, the phase velocity of which is larger than  . In 
gyro-devices, an external magnetic field (  ) in the axial direction guides the gyrating 
movement of the electrons with a cyclotron frequency of  : 
  
   
   
                                                                    
in which   and    are the charge and rest mass of single electron, respectively.   
represents the relativistic factor which is related to the beam accelerating voltage (  ) as 
    
   
    
                                                                
As the fast-wave devices employ the waveguides with smooth wall, whose transverse 
dimensions could be larger than the wavelength when operating with the high-order 
waveguide modes, they are not dimensionally confined by the operating frequencies. This 
in turn gives rise to overmoded smooth wall waveguide‘s application in THz band 
operations, offering considerable convenience in fabrication and impressive capacity for 
high power handling. In factor, the adoption of overmoded waveguides has enabled the 





gyrotrons to deliver unprecedented high power in the THz band. This also explains the 
superior output power capabilities of the gyrotrons, as illustrated in Figure 1-7. 
1.2 Research Motivation 
A number of the applications, such as the dynamic nuclear polarisation enhanced nuclear 
magnetic resonance (DNP-NMR) [20], electron-cyclotron resonance heating (ECRH), 
current drive in tokamak and stellarator plasmas [21], plasma diagnostics [47], and 
electron-spin resonance spectroscopy [48], will depend on the availability of high-power 
THz radiations. From Figure 1-7, not all the sources are capable of high-power THz 
radiation generation. The output powers of devices such as the BWOs, TWTs, SDs and 
PDs
 
are not yet sufficient for the above applications. Thus, this thesis is focused on the 
study of gyro-devices, which can generate impressively high-power radiation from 0.1 
THz to 1 THz. 
Despite the great potential of producing high power, the development of gyrotrons in the 
THz band is limited by the requirement of intense external magnetic field (  ), which can 
be expressed as [49-51] 
   
   
 
 
   
 
                                                                   
Here   represents the oscillation frequency of the electromagnetic field. It can be seen 
that for high frequency oscillation, one needs high external magnetic field. For example, 
the 1.022 THz gyrotron operating at the fundamental harmonic requires a    value as 
high as 38.5 T, which can only be provided by a pulsed magnet currently [34]. This 
problem could be eased by enabling harmonic operations (   ) because the required    
magnitude is inversely proportional to  , as described in (1.5). However, under the 
traditional small-orbit gyrotron configuration as shown in Figure 1-9 (a), a harmonic 
operation will inevitably encounter serious mode competition due to the high density of 
the mode spectrum. When simultaneous resonant interaction between several modes and 
the electron beam takes place, the device operation may be unstable. In addition, 
multimode oscillation causes a deterioration of the coherence and directivity of the 
generated radiation, gives rise to trapped modes and, in general, decreases the device 





efficiency. As a result, the harmonic operations at or beyond the third harmonic are rarely 
reported for the small-orbit gyrotron [35].  
 
(a)                                                                                    (b) 
Figure 1-9: Transverse view of the trajectory of the gyrating electrons: (a) Small orbit electron beam 
with the external magnetic field of BS; (b) Large-orbit electron beam with the external magnetic field 
of BL. BS is larger than BL. 
To enable high-harmonic operations of gyrotrons, electro-dynamic systems with effective 
selectivity and discrimination of the cavity modes should be considered. There are 
several promising ways to be chosen from, such as the large-orbit gyrotron (LOG) 
scheme [52-59], the gyro-multiplier scheme [60-65], the planar gyrotrons [66] and the 
coaxial gyrotron scheme [67]. This thesis focuses on the LOG and gyro-multiplier.  
In a LOG, the guiding centre of the gyrating electron beam coincides with the axis of the 
axisymmetric waveguide, as shown in Figure 1-9 (b). In such a configuration, the 
excitation factor of TEm,n mode at the     harmonic is simplified as [51]: 
    
    
    
(        )   (    )
                                                   
where    is the    order Bessel Function and    
  is the     root of its derivative.  
and   can also be interpreted as the azimuthal and radial indexes of the TEm,n mode. To 
maintain a non-zero value of    ,  must be equal to  . This means only the modes with 
  equal to   can be excited, which will greatly alleviate the problem of mode competition. 
In fact, this feature has led to a number of experimental demonstrations of LOGs mainly 
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within the first five harmonics [6, 22, 58, 59, 68-70]. For example, researchers in 
University of Fukui [59] have demonstrated the fifth harmonic operation of a LOG at 138 
GHz with the beam voltage U=40 kV. Also researchers in Institute of Applied Physics 
[70] and University of California, Los Angles [53] have achieved the fifth harmonic LOG 
operations at 75 GHz (U=250 kV) and 38 GHz (U=500 kV), respectively. However, in 
the development of THz LOGs where significant reduction of the external magnetic 
fields is required, even higher harmonic operations (   ) should be considered. In the 
THz LOG, new challenges such as the choice of the electron beam source, the separation 
between neighbouring harmonics, the influence of Ohmic loss and the impact of electron 
velocity spread should be carefully examined.  
As for the gyro-multiplier, a relatively low-frequency (LF) signal provides electron 
modulation and bunching at the frequency of the operating wave and also simultaneously 
at its harmonics, which occurs due to the nonlinear properties of the electron beam. 
Because of this preferential frequency imposed on the electron beam, high-frequency (HF) 
radiation at a high electron cyclotron harmonic can be selectively excited, as shown in 
Figure 1-10 for the case of the sectioned-cavity gyro-multiplier. 
Based on [65], the beam-wave interaction cavity can be divided into three parts: Cavity 1, 
2 and 3, as shown in Figure 1-10. Cavity 1 and 3 are tuned to be resonant for TE1,2 and 
TE1,3 modes operating at fundamental low frequency (LF), respectively. The electron 
beam, being modulated by the LF wave, can excite harmonic high frequency (HF) waves 
in the middle cavity (Cavity 2). TE1,2 and TE1,3 modes are designed to be oscillating at 
the fundamental LF of 342 GHz, while Cavity 2 is designed to be suitable for excitation 
of TE4,9 mode operating at the fourth harmonic HF of 1368 GHz. The output power at LF 
and HF is simulated to be 2 kW and 0.12 kW, respectively. The component of the output 
wave is summarised in Table 1-1. 






Figure 1-10: Schematic view of the sectioned-cavity gyro-multiplier. 
Table 1-1: Summary of the component in the output wave. 
 LF HF 
  1 4 
Frequency (GHz) 342 1368 
Power,    (kW) 2 0.12 
Mode content TE1,3 TE4,9 
However, in most of the applications of gyro-devices, a single frequency radiation as well 
as quasi-Gaussian output is required. Thus at the output of the gyro-multiplier, an 
effective system must be adopted to separate the high frequency from the low frequency 
wave and converter the high-order waveguide modes into quasi-Gaussian beams. Besides, 
the reflection of the output wave back into the beam-wave interaction system of the gyro-
multiplier should be minimised. And an acceptable efficiency of the power transportation 
should also be maintained.  





Although the operation of the gyro-multiplier has been studied extensively in theory [63, 
64, 71, 72] and demonstrated successfully in experiments [62, 65] in recent years, the 
investigation of a proper output system for such device has not been discussed in the 
literature. Unlike the traditional gyrotrons of single mode operation, the output of a gyro-
multiplier contains two modes with one operating at the fundamental electron cyclotron 
resonance and the other one being excited at one of the harmonics. A proper output 
system for the gyro-multiplier is in need to not only convert the generated wave to quasi-
Gaussian beams, but also separate the two modes in two frequency bands. 
1.3 Aim and Objectives 
The above analysis justifies the overall objective of this thesis, which is to study the high-
harmonic gyro-device in the THz band. Specifically, this thesis work involves the 
theoretical study and tool development, the insight into the operation of high-harmonic 
THz gyrotrons and the design as well as fabrication of key components for a THz gyro-
multiplier output system.  
As the gyro-multiplier with sectioned cavity is essentially based on the traditional 
complex-cavity gyrotron, the study of the latter will be helpful for the future development 
of the former. At THz frequencies, the commercial software (such as CST [73], HFSS 
[74] and MAGIC [75]) typically takes extensive computational time and resource for 
either the cold cavity analysis or the hot cavity simulation of gyro-devices, despite of 
their adorable numerical accuracy. Thus this thesis will start with the development and 
verification of an in-house analysis code for the study of the complex-cavity gyrotron. 
The Fortran-based code will also be made to be applicable in the cold cavity analysis of 
the high-harmonic LOG.  
This thesis will then characterise the operation of a high-harmonic LOG in the THz range. 
The study will aim at significantly reducing the required external magnetic field by 
enabling high-harmonics operation of the device. Using the linear analysis and three-
dimensional (3D) Particle-In-Cell (PIC) simulations, a LOG capable of operation at up to 
the 9
th
 electron cyclotron harmonic will be designed and simulated. With the assistance of 





3D PIC software, the starting oscillation process and the beam-wave interaction scenario 
will be demonstrated. Based on the simulation model developed, the competition among 
neighbouring harmonics will be studied. The methods that can be used to alleviate the 
mode competition and enable single mode operation will be investigated. Some key 
issues in THz LOGs, such as the Ohmic loss, the influence of the electron beams and the 
multi-modes, multi-harmonics behaviour will be characterised.  
A considerable portion of effort in this thesis will be devoted to investigate an effective 
output system for the gyro-multiplier which is capable of not only extracting the high 
frequency content from the beam-wave interaction, but also transforming it into quasi-
Gaussian beams. To do so, a dual-harmonic quasi-optical mode converter (DQMC) and a 
frequency selective surface (FSS) will be integrated in the output system. The traditional 
quasi-optical mode converter (QMC) has been successfully utilised in gyrotrons for the 
conversion of the single mode output into quasi-Gaussian beam [76]. It has also been 
optimised for the frequency tunable gyrotrons operating with a number of neighbouring 
modes at the fundamental harmonic [77]. In the case of the gyro-multiplier, however, the 
fundamental and harmonic modes are distantly separated in the spectrum. The traditional 
geometrical optics analysis needs to be modified in the design of a DQMC by taking into 
consideration of the propagation properties of both modes to enable the simultaneous 
transformation of both contents into quasi-Gaussian beams. For the separation of the two 
frequencies, a FSS is employed. The FSS has been widely used in the low-power range as 
an effective filter [78]. It has also been shown as operable with high-power microwave 
radiation [79]. Nevertheless, its operation with high-power THz radiation has not been 
considered elsewhere. In this work, a high-pass FSS formed by periodic circular 
perforations on a metal plate will be designed, fabricated and tested. 
1.4 Organization of the Thesis 
The remaining part of this thesis is organized as follows: 
Chapter 2 begins with the introduction to the fundamentals of the beam-wave interaction 
principle in all the gyro-devices: electron cyclotron maser (ECM). The family of gyro-





devices are reviewed. Following that, the operation principle and the configuration 
requirement of the gyro-multiplier is analysed. Then, the quasi-optical mode converters, 
as commonly used in traditional gyrotrons with high-order waveguide modes, are 
introduced. The launchers and mirrors, as the essential constitutions of a quasi-optical 
mode converter, are summarised and analysed in detail. At the end, the FSS and the 
possible cooperation with high-power THz devices are reviewed.  
Chapter 3 presents the steady-state nonlinear theory of the gyrotron and the development 
of an in-house analysis tool for gyrotrons. A complex-cavity gyrotron, which also forms 
the foundation of the gyro-multiplier scheme discussed in this thesis, is studied by both 
the in-house code and 3D PIC simulations. A comparison between the results will also be 
conducted, showing reasonable agreement.  
Chapter 4 provides the design and simulation of a high-harmonic large-orbit gyrotron. 
The choice of the electron beam source, the cold cavity analysis and the hot cavity 
simulation will be described. A number of key issues such as the competition between 
neighbouring harmonics, the beam-wave interaction scenario and the Ohmic loss will be 
discussed. The multi-modes, multi-harmonics behaviour will also be characterised. 
Chapter 5 presents the investigation of a quasi-optical output system for a fourth-
harmonic gyro-multiplier in the THz band through geometric optic analysis and 3D full-
wave simulation. The output system of the gyro-multiplier needs not only to transfer two 
high-order waveguide modes into the quasi-Gaussian beams, but also to separate the two 
beams. A DQMC and a FSS are employed to achieve both goals within this system. It is 
shown that the optimal design of the DQMC requires a special mode selection in the 
gyro-multiplier. The FSSs are designed with consideration of the fabrication error. It is 
also demonstrated that the designed FSS is capable of handling the high-power output 
from the gyro-multiplier. 
Chapter 6 illustrates the fabrication and experimental test of the high-pass FSS. The 
comparison of the simulation result and experimental outcomes will be conducted. Some 
methods to improve the performance of the FSS will be demonstrated in theory and tested 
in experiments. 





Chapter 7 concludes this thesis, summarises the key contributions and suggests the future 
work as well as possible improvements. The author‘s publications during the doctoral 
research are also listed. 
 





Chapter 2 Operation of the Gyro-devices 
This chapter begins with a brief review of the operation of the traditional gyro-devices 
and the gyro-multipliers. Following that, the geometrical optics for the quasi-optical 
mode converters (QMC) is introduced. Finally, an overview of the frequency selective 
surface (FSS) is given, with attention paid to the recent studies on its high-power 
applications. 
2.1 Electron Cyclotron Maser 
The electron cyclotron maser (ECM) is based on a stimulated cyclotron emission process 
involving energetic electrons in gyration motion. The principle of ECM instability can be 
illustrated in Figure 2-1. 
 
Figure 2-1: The operation principle of ECM. (a) Electrons distribution in the transverse direction; 
(b) Bunching process of the electrons. 
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As shown in Figure 2-1 (a), a hollow electron beam is moving through a waveguide with 
radius of  . The electrons possess an axial velocity of    and a transverse velocity of    
due to the confinement of an external magnetic field (  ) in the axial direction. The ratio 




                                                                          
The process of synchronism and bunching of the electrons can be explained by 
examining one of the electron orbits, as shown in Figure 2-1 (b), on which eight electrons 
are initially monoenergetic.    denotes the guiding radius of electrons and    is the 
Larmor radius of electron cyclotron movement.    is the azimuthal electric field vector 
which modulate the electrons and 
                                                                             
in which    is the unit vector in the   direction of the cylindrical coordinate system 
       . At the time   when the electrons enter the interaction cavity, they are evenly 
distributed in phase but gyrating in different directions. Considering the relativistic effect, 
the radius of the gyrating movement of the electrons (  ) can be express as: 
   
  
 
                                                                          
and   can be obtained from (1.3). 
After entering the interaction structure, the direction of gyration movement of electron 
No. 3 and No. 7 are perpendicular to   . And their motion will not be disturbed. 
However, electron No. 1 is gyrating in the same direction with   , whose    as well as   
values will be lowered. Thus its    value will become smaller while   value will be 
higher. This means that electron No. 1 will gyrate faster in phase and approach electron 
No. 3. And the same effect will be induced on electron No. 2 and No. 8. The opposite 
effect will be laid on electron No. 4, No. 5 and No. 6 by which their   values will become 
larger with lower values of  . Under this situation, these three electrons will lag behind 





in phase and be caught up by electron No. 3. As this process goes on, a phase bunching 
will be formed around electron No. 3, as shown Figure 2-1 (b) at the time     . 
Thus, the electrons will form a phase bunch azimuthally due to the interaction with the 
EM field. In case that   equals to  , there will be no energy exchange between the two 
as one half of the electrons will be in the accelerating phase while the other half will be in 
the decelerating phase.  
If   is slightly larger than  , the bunching will fall into the decelerating phase of the 
field, where the electrons will lose energy to the field. As long as the condition of 
                                                                          
is maintained, this process will go on and the EM field will be amplified. The electrons 
losing energy will have their   values raised until the above condition is dissatisfied. In 
the reverse case of  
                                                                           
, the electrons will gain energy from the EM field. 
From the above discussion we can see that the relativistic effect of electrons cyclotron 
movement forms the basis of ECM. Due to this effect, the electrons gaining energy 
become heavier in relativistic masses and lag behind in phase, while the ones losing 
energy acquire phase advances. Such kind of phase bunching imparts an AC component 
to the electron beam current and thus enables the emission of EM waves. 
2.1.1 Traditional Gyro-devices 
There are traditionally four types of gyro-devices, whose interaction structures are shown 
in Figure 2-2. These interaction structures all support fast wave propagation with open 
ends to enable extraction of the generated wave.  






Figure 2-2: Interaction structure of four basic types of gyro-devices. (Reproduced from [80]) 
 
Figure 2-3: Intersection point between the mode line and the beam-wave synchronism lines for 
different types of gyro-devices. (Reproduced from [80]) 
The synchronism and resonant interaction between the waveguide mode and the electron 
beam can be shown in Figure 2-3, in which the hyperbolic line represents the dispersion 
relation of a typical propagating mode in a waveguide and the straight lines are the 
synchronism condition for different    values. The cut-off frequency of the waveguide is 
also shown as    in the figure. In principle, a resonant interaction can take place at any 
(a) Gyrotron traveling-wave tube (b) Gyrotron oscillator

















         
     
      
 





intersecting point between the mode dispersion curve and the synchronism line. To lower 
the susceptibility of the operation to the electron velocity spread, all the four devices 
operate closely to the cut-off frequency of the waveguide,   . 
In a gyro-TWT as shown in Figure 2-2 (a), the input wave is amplified while propagating 
forward with the electron beam. Thus, in the steady state of amplification, the wave 
amplitude increases along the axial direction of the tube while maintains a constant value 
at any fixed point in space. When the input driving signal is turn off, there will be no 
output power. 
The gyroklystron amplifier is a narrow band amplifier that commonly employs multiple 
cavities to increase the gain. The two-cavity example is shown in Figure 2-3 (c). In the 
first cavity, the electrons are modulated by the input signal enabling azimuthal phase 
bunching effect. They are continuously bunched when passing the drifting cavity before 
entering the second cavity, where they drives a larger amplitude oscillation compared to 
the input signal. The oscillation is then extracted from the output end of the tube. 
In a gyrotron oscillator as shown in Figure 2-2 (b), the key principle of operation is 
reflective feedback. As the EM field oscillates in the cavity, there will be end reflection 
resulting forward and backward waves. This results a closed loop of continuous wave 
circulation. When the electron beam interacts with and amplifies the forward wave, a 
gyrotron is established.  
The gyro-BWO, as shown in Figure 2-2 (d), is a device in which the azimuthal bunch of 
electrons loses energy to the backward wave. 
The gyro-TWT amplifier is capable of being tuned over a broad bandwidth. The 
gyroklystron amplifier has better stability property and greater power capability but 
narrower bandwidth than gyro-TWT. The gyrotron oscillator provides the highest 
average power and frequency while the gyro-BWO features continuous and fast 
frequency tunability by changing the electron beam voltage. 





2.1.2 Gyro-multiplier Operation 
The operation of a gyro-multiplier is based on the combination of the ECM and the 
frequency multiplication technique. In a gyro-multiplier, a relatively low-frequency (LF) 
signal provides electron modulation and bunching at the fundamental harmonic and also 
at its harmonics, which occurs due to the nonlinear properties of the electron beam [60-
65, 71, 81-88]. By special configurations of the beam-wave interaction cavity (such as the 
sectioned-cavity or the corrugated cavity), one of the high-harmonic contents of the 
nonlinear transverse movement of the electron beam can be selectively extracted. By 
avoiding the direct excitation of the high-harmonic oscillation, the required    value is 
greatly reduced.  
The LF wave in a gyro-multiplier may either be induced internally of injected externally. 
A self-exciting gyro-multiplier, which needs no input, is often more attractive in the THz 
range. In such a device, the electron beam excites both the LF and HF waves, such as the 
sectioned-cavity gyro-multiplier in Figure 1-10. In each cavity, the oscillation frequency 
  and the cavity radius   are linked by 
    √  
  
     
  
                                                             
in which    
  is the eigenvalue of the oscillation mode. In Cavity 1 and 3, the electron 
beam is in resonance with the low-frequency wave at the        electron cyclotron 
harmonic, meaning 
                                                                             
The radius of Cavity 2 is adjusted to extract the HF content at the        electron 
cyclotron harmonic, meaning 
                                                                           
Here     and     are the frequencies of the LF and HF waves, respectively.     and 
   represent the harmonic number of the LF and HF waves, respectively. For the gyro-





multiplier studied in this thesis,       and      .      and      are their 
longitudinal wavenumbers, respectively.   can be obtained from (1.3). In Cavity 1 and 3, 
the electron beam is modulated by the LF wave at the harmonic number of    . In Cavity 
2, due to the special choice of the radius which satisfies 
    
   
   
                                                                   
, the bunched electron beam can excite the HF wave at the        electron cyclotron 
harmonic. And it can be derived that 
    
   
 
 
   
   
 
   
 
 
   
   
                                               
In the case of a uniform   , (2.7)-(2.8) automatically make the divisibility of the 
longitudinal wavenumbers necessary, 
     
   
   
                                                                    
Knowing that  
     
    
                                                                  
, it can be derived that 
     
   
   
                                                                  
Considering  
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, it can be derived that  
     
  
   
   
      
                                                          





where      
  and      
  are the eigenvalues of the HF and LF modes, respectively. Like 
in the traditional gyro-devices, the most evident selectivity and efficient frequency 
multiplication can be obtained by using large-orbit electron beams. For the designed 
sectioned-cavity gyro-multiplier, the utilisation of the large-orbit electron beam restricts 
that 
                                                                       
                                                                      
where    and    are the azimuthal index of the HF and LF modes, respectively. The 
above analysis also justifies the selected operation modes as listed in Table 1-1.  
Although both the traditional high-harmonic gyrotrons and the gyro-multipliers adopt the 
harmonic operation to lower the required external magnetic field, the later describe much 
lower cavity heating load and starting oscillation current requirement, since only the LF 
oscillation condition should be fulfilled. Currently, at smaller currents the HF power from 
the gyro-multipliers will be lower than that from the high-harmonic gyrotrons, but it will 
be sufficient for a majority of applications. And the advantage of utilising low-current 
electron beams may often overweighs the disadvantage of low output power. 
2.2 Quasi-optical Mode Converters 
To reduce the wall loss and avoid breakdown, the waveguide radius of the gyrotron 
should be much larger than the free-space wavelength of the operation mode. Thus, the 
waveguide used in a traditional gyrotron is overmoded. The output wave, when being 
radiated from a truncated waveguide directly as shown in Figure 2-4, appears in a 
relatively broad circularly asymmetric hollowed cone, with rather complex distribution 
and polarisation. Such kind of radiated field is not suitable for the aforementioned 
applications, most of which will require a linearly polarised beam. Besides, these high-
order modes are not suitable for driving conventional antennas because of sidelobe 
generation, gain reduction, and inefficient power loading on the antenna aperture [89]. 
Thus, the waveguide modes should be transformed into linearly polarised quasi-Gaussian 





beams [90]. There are basically two structures which can be used to convert the 
waveguide modes into quasi-Gaussian beams: the waveguide mode converter (WMC) 
and the quasi-optical mode (QMC) converter consisting of a launcher and several 
mirrors.  
 
Figure 2-4: Traditional gyrotron scheme with axial wave extraction. 
For relatively low-order modes, a typical approach for mode conversion is the adoption 
of the WMC, especially for the TE0,n modes [91-93]. Figure 2-5 shows a typical 
configuration of the WMC that is used to convert a TE03 mode gyrotron output to TE11 
mode [93]. An axisymmetric waveguide section is used firstly to convert the TE03 mode 
into the TE01 mode. Then, a wiggle waveguide is used to transfer the TE01 mode into a 
TE11 mode, which is suitable for transmission or feeding to antennas. 
The WMCs describe high efficiency when converting low-order TE0,n modes at low 
frequency to quasi-Gaussian beams. However, in the above gyro-multiplier design, the 
operation mode is high-order volume modes with high operation frequency. To convert 
such modes to quasi-Gaussian beams, the required inner radius of the WMCs will be 
extremely small and the required length will be incredibly long. This will bring 
difficulties to the fabrication process and assembly with the gyro-multiplier. What‘s 
more, this approach is also complicated by the large number of possible coupled modes 





















factors have made traditional WMCs complicated and inefficient for the transformation 
of high-order waveguide modes. Meanwhile, the QMCs have shown capabilities of 
transforming the high-order waveguide modes of gyrotrons into quasi-Gaussian beams 




Figure 2-5: (a) An axisymmetric TE0n-TE01’ waveguide mode converter; (b) A wiggle waveguide that 
convert TE01 mode to TE11 mode.   is the unperturbed waveguide radius.    is the perturbation of 
the waveguide radius.   is the period of the perturbation. (Reproduced from [93]) 
A QMC is the combination of an open waveguide antenna (launcher) and a mirror system, 
as shown in Figure 2-6. The launcher is used to radiate the high-order waveguide mode 
with directivity. The radiated beam is then corrected in both amplitude and phase by 
several mirrors to form a quasi-Gaussian beam output. Such kind of converter is simple 
and compact, which is a favourable factor to reduce the Ohmic loss in the THz regime. 
The first QMC is proposed and demonstrated by Vlasov et al. in 1975 [95]. To improve 
the radiation characteristics of the output, several major improvements to the Vlasov 





















Figure 2-6: Schematic view of the QMC. 
The adoption of a QMC has the following advantages. Firstly, the generated microwave 
can be easily separated from the spent electron beam at the end of the launcher, which 
allows the incorporation of space extended collectors [99, 100] or distributed collectors 
[101] for recovering partially the exhausted beam energy and suppression of after cavity 
interactions [102]. Secondly, the QMCs have more power capacity than the WMCs. 
Thirdly, the output mode is converted to a collimated beam with large area. In this way, 
the power intensity loaded on the vacuum window can be lowered.  
2.2.1 Geometric Optics Analysis 
In the QMC for a high-order mode gyrotron, the propagation of the wave can be 
described in terms of geometric optics (GO) [95, 98, 103, 104]. The output 
electromagnetic field from the gyrotron, before propagating to the helical cut of the 
Vlasov launcher, can be expressed in the cylindrical coordinates system         as: 
                   
                                                      
for right-handed rotating TEm,n modes.    is the amplitude of the field.  
It can be interpreted from (2.16) that the field in the radial direction is standing wave 
which varies with the value of the Bessel function. A standing wave can be decomposed 















can be represented by the sum of the first kind of Hankel function   
       and the second 
kind of Hankel function   
      , as 
        
  
           
        
 
                                                
The combination of (2.16) and (2.17) yields 
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Thus the incident and the reflected waves can be expressed by 
       




         
                                                     
       




         
                                                     
in which   
         and   
         are conjugate complexes as 
  
            
         
                                                          
The sign of ‗ ‘ represent the complex conjugate. The value of     varies with   as 
                                                                                        
                                                                                               
                                                                                  
in which           
  is the caustic radius of the TEm,n modes. Since the field when 
     is evanescent, only the field when      will be considered. Thus      . 
Under this condition,   
         can be approximated as  
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Substituting (2.22) into (2.19b) yields: 
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Thus the phase of the reflected travelling wave is  
 (       
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In GO limit, the right-handed rotating travelling wave in the cylindrical waveguide can be 
decomposed into a continuous flow of rays, the direction of which are along the gradient 
of the wavefront and can be calculated as 
          (   (       
  ))                                                
where   is a phase constant. Taking (2.24) into (2.25) gives 
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where   ,   and    are the unit vector in the  ,   and   directions, respectively. 
Correspondingly, the propagation direction of the incident travelling wave by the ray 
representation can be written as 
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On the launcher wall where    , the propagation direction of the rays can be written as 
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It can be interpreted that the rays propagates at the Brillouin angle  
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as shown in Figure 2-7. Thus    can be obtained as 
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where   is the wavenumber and      .   
 
Figure 2-7: Geometric representation of the EM field propagation in a cylindrical waveguide. 
The projection of the rays in the transverse plane follows the direction of         and 
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Thus the projection of the rays forms an angle   with    and 
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The reflecting points of individual ray on the waveguide wall form a helical line, which 
has an inclination angle,  , regarding the axial direction.   can be calculated by the 
geometrics in Figure 2-7. From the GO, the axial distance between two subsequent 
reflection points of one of the rays,   , can be expressed as: 
                                                                    
which gives 
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)                                                    
The distance that a ray has propagated in the axial direction, when it complete a full 
azimuthal turn, can be obtained as 
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Considering the rotational nature of the rays‘ propagation inside the cylindrical 
waveguide, there will be a series of Brillouin regions on the internal surface of the 
waveguide, each of which reflects all the rays exactly once. Figure 2-8 shows three 
representative shapes of Brillouin region on the unfolded inner surface of the cylindrical 
waveguide, for the case when          . The case for other values of   can be 
studied in the same manner. Region 1, 2, 3 and 4 represent four Brillouin regions that are 
connected in series. The rays inside the waveguide, when propagating towards the    
direction, will be sequentially reflected by the four regions. The Brillouin region in 
Figure 2-8 (b) spans an azimuthal angle of  , and  
                                                                          
Thus the azimuthal length of the Brillouin region in Figure 2-8 can be expressed as 
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(c) 
Figure 2-8: Some typical distribution examples of the Brillouin region inside a cylindrical waveguide. 
  
   
 
  
   
   
   
   
 
 
    
    











   
   











    
     
   
   
   





Although different Brillouin regions describe distinguished shapes, the surface areas of 
them are identical.    as shown in Figure 2-8 is the residue when    is divided by  , 
meaning that 
                                                                            
Correspondingly,    can be defined as  
                                                                        
Considering (2.33), (2.35) and (2.39), 
                                                                        
If one of these Brillouin regions is removed by cutting the waveguide, all the rays will be 
radiated into free space through the aperture formed. The theory of the Brillouin regions 
serves as the basis for analysing the Vlasov launchers in Chapter 5. 
2.2.2 Launchers 
A launcher is basically an asymmetrically cut waveguide that is capable of radiating the 
high-order waveguide mode with certain directivity and polarisation.  
2.2.2.1 Vlasov Launcher 
Traditionally, there are three types of Vlasov launcher: step-cut, bevel-cut and helical-cut. 
These three types of cut are all based on the analysis of different types of Brillouin region.  
1. Step-cut 
A typical step-cut Vlasov launcher is shown in Figure 2-9. The step-cut launcher can be 
derived from Figure 2-8 (a). Here each of the Brillouin regions can be divided into three 
sections (when      ): Section A, B and C, as shown in Figure 2-10. Here Region 1, 
Region 2, Region 3 and Region 4 are four Brillouin regions that are connected in series. 
As the rays propagate, the ones reflected by Section A, B and C of one Brillouin region 





will be radiated onto their counterparts of the next Brillouin region, respectively. To 
allow all the rays to be radiated into the free space, an area should be removed which 
contains at least a Section A, a Section B and a Section C.  
 
Figure 2-9: The profile of a step-cut Vlasov launcher. 
This implies that the cutting edge can be located as being shown by the bold dotted line. 
The distribution of the radiated field is also shown on the right hand side. As originally 
proposed by Vlasov, the step-cut Vlasov launcher has sharp edges and hence may suffer 
from the electric breakdown problem when radiating high-power microwaves [89]. 
 
Figure 2-10: The cutting edge for the step-cut Vlasov launcher. The shape of the radiated field is 
shown in the right-hand side. 
2. Bevel-cut 
   
 
   
   


















    
    
   





A typical bevel-cut Vlasov launcher is shown in Figure 2-11. The bevel-cut launcher can 
be derived from Brillouin region analysis shown in Figure 2-8 (c). Through removing the 
Region 4 by the cut shown in bold solid line in Figure 2-12, all the rays can be radiated 
into free space. The radiated field distribution is also shown. 
 
Figure 2-11: The profile of a bevel-cut Vlasov launcher. 
 
Figure 2-12: The shape of the Bevel-cut in an unfolded waveguide view. 
Suppose the angle between the surface of the cut and the   axis is  , then it can be seen 
from Figure 2-8 (c) that 





    
                                                         
For TE0,n modes,       and  
                                                                        








    
     
   
   
   
 
 





It can be interpreted from Figure 2-12 that, although the bevel-cut eliminates the sharp 
edges as in the step-cut and reduce the risk of electric breakdown at high power, the 
directivity of the radiated field is degraded. The radiated field actually spread an angle of 
   in the azimuthal direction, which is not effectively focused. 
3. Helical-cut 
A typical helical-cut Vlasov launcher is shown in Figure 2-13. The helical-cut Vlasov 
launcher can be derived from Figure 2-8 (b). By removing the Region 4 by the cut shown 
in bold solid line in Figure 2-14, all the rays can be radiated to free space. The radiated 
field distribution is also shown on the right hand side.  
 
Figure 2-13: The profile of a helical-cut Vlasov launcher. 
 
Figure 2-14: An unfolded waveguide wall with the reflection points of the rays and the Brillouin 
region. The radiation field distribution is also shown as the block on the right-hand side. 











   
   

















Figure 2-15: The Brillouin region distribution and cutting edges of the three types of launchers for 
the TE0,n modes. The radiation field for each type of launcher is shown on the right, respectively. (a) 
The step-cut launcher; (b) The bevel-cut launcher; (c) The helical-cut launcher. The radiation field 
distributions are also shown as the blocks on the right-hand side of each figure. 
   
   




























   
   
   
 
 






   












The traditional gyrotrons are operated with TEm,n modes. For    modes, it can be 
derived from (2.32) and (2.38) that       and     , respectively. It can also be 
shown from (2.39) and (2.40) that      and      . Thus the Brillouin region 
distribution can be simplified as shown in Figure 2-15 for the three types of launchers. It 
can be seen that for the TE0,n modes, all the three types of launcher can be applied. For 
the simplicity and to facilitate the design of the subsequent mirrors, the step-cut and 
bevel-cut are usually used for the modes with    [104].  
For the TEm,n (   ) modes, the radiated fields when using the step-cut or bevel-cut are 
irregularly distributed, which will introduce additional difficulties to the design of the 
subsequent mirrors. However, the radiated field of the TEm,n (   ) modes from a 
helical-cut launcher is evenly distributed in a rhombic-shaped area as shown in Figure 2-
14. Thus the helical-cut can be used for asymmetrical waveguide TEm,n (   ) modes. 
2.2.2.2 Denisov Launcher 
From the above geometrical analysis, the EM field strength at the cutting edge of a 
Vlasov launcher is quite high, which causes diffraction and sidelobes of the radiation. To 
minimise the fields at the cutting edge, the output waveguide mode, before being emitted 
from the launcher, can be pre-bunched to form a focused field distribution. The Denisov 
launcher is an improved version of the Vlasov launcher which, by introducing a pre-
defined distortion to the smooth waveguide wall as shown in Figure 2-16, can transform 
the high-order mode of a gyrotron output to have a Gaussian profile before launching. 
The distortion of the wall can help to couple the single mode of a gyrotron output into a 
number of neighbouring modes with matched amplitudes and relative phases. The 
superposition of these modes at the output aperture of the launcher will form a quasi-
Gaussian field distribution [103]. 






Figure 2-16: The profile of a Denisov launcher [103]. 
2.2.3 Mirrors 
The launcher converts the gyrotron output into a linearly-polarised beam with sidelobes 
[105]. To improve the beam quality and obtain a quasi-Gaussian field distribution, 
subsequent mirrors should be used to adjust the amplitude and phase of the beam. The 
shape of the mirrors depends on the radiated waveform by the launcher.  
2.2.3.1 Standard Mirrors 
There are a number of standard mirrors that can be used in the QMC, of which the 
elliptical cylinder mirror, parabolic cylinder mirror and elliptic paraboloid mirror are the 
most commonly used ones. The choice of these types of mirrors is dependent on the 
launcher configurations, the operation modes and the focusing requirements. 
1. Elliptical Cylinder Mirror 
An elliptical cylinder mirror is a kind of bifocal mirror which has two focal lines. The 
longitudinal and transverse view of an elliptical cylinder mirror is shown in Figure 2-17. 
It can be viewed as a cylinder in the longitudinal direction, while in the transverse 
direction, it is a part of an ellipse. The rays radiated from one of the focal line will be 
focused by the mirror to the other focal line. For a step-cut or bevel-cut Vlasov launcher 
which operates with TE0n modes, the radiated field can be viewed as rays that come out 
of the launcher from the axis of the waveguide. If an elliptical mirror is applied with its 
focal line placed exactly on the axis of the launcher waveguide, all the rays will be 
focused to another focal line, as shown in Figure 2-17. 






Figure 2-17: The longitudinal and transverse view of an elliptical cylinder mirror. 
2. Parabolic Cylinder Mirror 
When one of the focal line of the elliptical cylinder mirror is placed infinitely far away, 
all the rays radiated from the focal line will be reflected by the mirror surface to produce 
a beam of parallel rays. And the mirror will become a parabolic cylinder mirror, as shown 
in Figure 2-18. It can be viewed as a cylinder in the longitudinal direction, while in the 
transverse direction, it is a part of a parabola.  
 
Figure 2-18: The longitudinal and transverse view of a parabolic cylindrical mirror. 
For a step-cut or bevel-cut Vlasov launcher which operates with TE0n modes, the radiated 
field can be viewed as rays that come out of the launcher from the axis of the waveguide. 
If a parabolic mirror is applied with its focal line placed exactly on the axis of the 
waveguide, the radiation from the launcher will be reflected to form a beam of parallel 
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3. Quasi-elliptical Cylinder Mirror 
For TEmn (   ) modes, the radiated rays originate from the surface of the caustic area, 
as shown in the geometrical optics, Figure 2-19. In this case, the transverse shape of the 
elliptical cylinder mirror should be modified by the geometrical optics in order to focus 
the rays to a given focal line. The modified elliptical cylinder mirror is called quasi-
elliptical cylinder mirror. 
 
Figure 2-19: Ray representation of the radiation being reflected by a quasi-elliptical cylinder mirror. 
The geometric structure of the cross section of the helical-cut launcher and the quasi-
elliptical mirror is shown in Figure 2-20. The global coordinate is indicated where the 
centre of the launcher aperture is set on the  -axis and the launcher axis is arranged along 
the  -axis.    and       denote the two focal lengths of the quasi-elliptical mirror. The 
launcher axis is usually set at one of the focal lines, and then the wave beam radiated 
from the launcher will be focused by the quasi-elliptical cylinder mirror to the other focal 
line.  
The shape of the mirror is governed by [103] 
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From (2.43)-(2.45), the coordinates of the points on the quasi-elliptical cylinder mirror 
surface can be obtained as (           ). 
 
Figure 2-20: The cross-section view of the launcher the quasi-elliptical cylinder mirror. 
4. Quasi-parabolic Cylinder Mirror 
In case of     , the quasi-elliptical cylinder mirror becomes a quasi-parabolic cylinder 
mirror. In this case, 
     
                  
      
                                             





Then from (2.43)  
                                                                    
                                    
                                
5. Elliptic Paraboloid Mirror 
An elliptic paraboloid mirror is a quadric surface shaped like an oval cup, as shown in 
Figure 2-21. In the Cartesian coordinate system (     ), an elliptic paraboloid surface 







                                                                
where   and   are constants which determine the level of curvatures in the     and 
    planes, respectively.  
 
Figure 2-21: The forming of an elliptic paraboloid mirror. 
2.2.3.2 Phase Correcting Mirrors 
It is noteworthy that the above mirrors are described and analysed mainly in the frame of 
GO, which usually neglects the effect of diffraction and existence of high-order Gaussian 
modes. Besides, the wave front of the reflected beam is broadly distributed and the 
propagation directions at some points form large angles with the transmission line. Thus 
the surface shape of the standard mirrors should be modified to optimise the phase 
distribution of the reflected wave on the window area. Figure 2-22 shows an example of 





the phase correcting mirror which is modified from the standard parabolic cylinder mirror 
[90]. 
 
Figure 2-22: The phase correcting mirror based on the shape of a parabolic mirror [90]. 
2.3 Possible Application of the Frequency Selective 
Surface 
A frequency selective surface (FSS) consists of periodic arrays of usually metallic unit 
cells on a dielectric substrate. It can also be called a spatial filter for the electromagnetic 
waves, as a counterpart for the traditional filter used in the RF circuits. Once exposed to 
the incident electromagnetic waves, a FSS generates a scattered wave. The total field, 
formed by the superposition of the incident and scattered waves, will have a prescribed 
frequency response. The overall effect will be the total transmission of some frequency 
bands and the total reflection in some other frequency bands. The FSSs are typically used 
as radome to reduce the radar cross section (RCS) [106], the angular filter [107], the 
diplex splitter [108], metamaterials [109-111], the reflect-array antennas [112], the planar 
lenses [113, 114], and the dichroic sub-reflector [115]. 
2.3.1 Overview of the Frequency Selective Surface  
FSSs are usually two-dimensional periodic structures, the shape of which does not vary 
along the third dimension. In recent years, new concept of three-dimensional frequency 





selective surface, which usually consists of a two-dimensional periodic array of three-
dimensional unit cells, are proposed to improve the performance of such device [116].  
Although in different configurations, the conventional FSSs follow the same operation 
mechanisms that are governed by the phenomenon of resonance. Being exposed to the 
incident plane wave, the unit cells of a FSS will resonant at frequencies where the 
effective length of the unit cells is a multiple of the half wavelength,    . 
 
Figure 2-23: The four categories of FSS elements [117]. 
Since the FSSs have periodic structures, such arrays are usually assumed to be two-
dimensionally infinite in the numerical analysis. By assuming the array to be infinite, the 
whole problem of characterisation can be effectively reduced to calculating the frequency 
response of a unit cell in the array. Thus the FSS can be classified, summarised and 
analysed by the styles of the unit cells. Over the years, a number of FSS unit cells have 
been introduced to the arrays to enable different band-pass and band-stop applications. A 
complete summary of the unit cells used in FSSs can be found in References [117-119]. 





Based on the type of the unit cells and the way they are assembled in the periodic arrays, 
the FSSs are divided into four categories by Munk in his book [117]: the centre 
connected types, the loop types, the solid-interior types and the hybrid types, as shown in 
Figure 2-23. In his categorisation, both the FSSs composed of solid plates and slots are 
included in the ‗solid interiors or plate types‘ category because of their complementarity 
in shapes. The centre connected and the loop types usually exhibit band-stop performance. 
The FSSs composed of solid plates generally have band-stop behaviour, while the slot-
array FSSs behave like band-pass filters. The hybrid types can be modified with different 
configurations to have desired characteristics.  
The typical behaviour of the above FSS unit cells have been studied extensively and 
comprehensively by Munk in his book [117]. It is then convenient to pick up one of the 
configurations from the summary and scale the size of the unit cell to obtain the required 
frequency response. 
2.3.2 Frequency Selective Surfaces for High-power Application 
Although the FSS has been invented for nearly a century, its application with high-power 
microwaves has been rarely reported until recently [79, 120-126]. When operating at the 
vicinity of high-power microwaves, the power handling capability, heat dissipation 
ability and the electric breakdown limitations of the FSS become essential factors in 
determining its usability. 
Munk has discussed two types of breakdown in his book [117]: the one caused by heat 
accumulation due to high average power incident and the one induced by high peak 
power. The FSSs with wire elements and the ones with slot elements are investigated to 
check their resistance of high-power breakdown.  
In 2011, researchers in University of Wisconsin began to investigate the FSSs for pulsed 
high-power microwave applications through two approaches [79, 120-125]. On the one 
hand, a class of miniaturised FSSs composed entirely of non-resonant elements is 
adopted. The non-resonant elements can reduce the localised electric field intensity of the 
unit cell, thereby enhance the power handling capability of the FSS. In their experiments, 





the FSS unit cell is capable of handling a peak power of 25 kW with a pulse length of 1 
   at 9.832 GHz. And it is predicted in theory that the power handling capability of the 
designed FSS can surpass 1.0 MW/cm
2
. On the other hand, the  -negative layers 
sandwiched by double-positive layers are used, which can handle a peak power of 4.2 kW 
at 9.832 GHz. By increasing the vertical dimension of the slot on the middle layer or by 
substituting the slot with a number of sub-wavelength perforated holes, the peak power 
handling capability of the FSS can be increased to over 25 kW. 
In 2014, an all-dielectric FSS was also proposed [127]. The design of the FSS is based on 
guided-mode resonance (GMR). A monolithic construction was adopted to make the FSS 
more robust to vibration, internal stresses and many other problems that arise from the 
composite materials. In their experiments, the designed FSS was used mainly as a 
reflector that reflects an input power of 1.7 GW/m
2
 with 3.1    pulse length at 10.5 GHz. 
Since the dielectrics usually exhibits much weaker interaction with the incident field, an 
all-dielectric FSS is unsuitable for manipulation of the converted quasi-Gaussian beam 
from the QMC of a gyro-multiplier, where distinguished reflectivity and transmission 
properties are required. 
Chapter Summary 
In this chapter, the theory of the electron cyclotron maser (ECM), the geometric optics 
for the quasi-optical mode converter (QMC) and the operation of the frequency selective 
surface (FSS) have been reviewed. The operation principle of the gyro-multiplier, the 
radiation characteristics of the launchers, the governing equations of different mirrors and 
the latest development of the high-power frequency selective surface (FSS) have also 
been summarised. The theory in this chapter serves as the basis for the work in this thesis. 
 





Chapter 3 Complex-cavity Gyrotron 
Unlike the traditional gyrotrons where a single mode operation is adopted, the complex-
cavity gyrotron incorporates a pair of modes with identical azimuthal index, that is, TEm,n 
mode and TEm,n+1 mode. Correspondingly, the beam-wave interaction cavity is divided 
into two sections. Within the first section, the TEm,n mode will be excited but the energy 
exchange between this mode and the electron beam will be weak. The beam-wave 
interaction in the first section provides an initial azimuthal modulation of the electron 
beam. Then, in the second section of the cavity, the azimuthally modulated electron beam 
will favourably excite the TEm,n+1 mode. Such mechanism is usually used to alleviate the 
mode competition problem in traditional gyrotrons. 
The study of the complex-cavity gyrotron scheme has additional merits. It has been 
shown in Chapter 2 that the sectioned-cavity gyro-multiplier is actually based on a 
complex-cavity gyrotron, while an additional middle cavity is inserted between the 
original cavities. Thus the study of the complex-cavity scheme will provide a 
fundamental insight into the mechanism of the gyro-multiplier operation, as well as form 
a preliminary design tool for the beam-wave interaction cavity of the gyro-multiplier. In 
addition, the cold cavity theory developed in the process can also be adopted in the 
calculation of cavity quality factor and resonance frequency for the operation modes in 
the LOGs. 
3.1 Theoretical Analysis 
In the development of gyro-devices, the numerical simulation tool plays an important role 
as it can predict the nonlinear effects of beam-wave interaction which dominates the 
behaviour of the devices. The numerical simulation tool can be divided into two 
categories: The general-purpose 3D PIC codes [128-130] and the device-specified codes 
(see e.g. [131]). With the development of the computer science, a number of PIC codes 
are widely used to study the nonlinear beam-wave interaction process in the design of 
gyro-devices. However, the PIC code requires an extensive computation resource and 





long simulation time, which is not efficient in the design and optimisation phase of the 
gyro-devices.  
To improve the computation efficiency, a device-specified code for gyrotrons is 
developed by utilising the steady-state self-consistent nonlinear algorithm [50, 132, 133]. 
By assuming that the gyrotron being in the steady oscillation state, the beam-wave 
interaction in the gyrotron cavity can be approximated by the telegraphist‘s equations 
together with the Lorentz force equations which characterise the motion of electrons. 
Then, by incorporating cut-off and open boundary conditions at the input and output ends 
of the cavity separately, the above differential equations can be solved self-consistently. 
This algorithm is more computational efficient than the PIC approach as it focuses on the 
steady state of the gyrotron operation.  
The second order telegraphist‘s equations can be derived from the Maxwell‘s equation:  
                                                                     
                                                                   
in which   and  are the electric and magnetic field vectors, respectively.   denotes the 
current density of the electron beam source.   and   are the permeability and conductivity 
of the medium.   and  can be decomposed as 
                                                                       
                                                                      
where    and   are the transverse electric and magnetic field vectors, respectively.    
and    are the axial electric and magnetic field strength, respectively.    is the axial unit 
vector in the cylindrical coordinate system        .    and    in a cylindrical waveguide 
can be expressed as the superposition of a series of     and      modes:  
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in which     and     denotes the    and    modes, respectively.    
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where    and   are the radial and azimuthal unit vectors, respectively.     
   
 is the 
transverse wave number and 
    
    
   
 
                                                                
    
    
   
 
 
                                                                
where     and    
  are the  th roots of the th order Bessel function and its derivative, 
respectively.   is the waveguide radius which varies with   for a resonant cavity of 
gyrotrons.    
   
 is determined by the following normalisation condition: 
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in which   denotes the conjugate.   is the transverse area of the waveguide over which 
the integration is undertaken.        if    
  and        if    
 . By taking (3.2) 
and (3.3) into (3.1), the second order telegraphist‘s equations for the      modes (   ) 
and      modes (   ) can be derived as [50, 132, 133] 
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in which     
   
 is the axial wavenumber for the      mode (i=1) or the      mode 
(i=2).    
   
 is the wave impedance and  
   
    
    
   
   
                                                                 
   
   
 
   
    
   
                                                                 
          is the transverse current density and 
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The current source in (3.7) represents the gyrating motion of the electrons. The 
relationship between the current density and the motions of the electron beam can be 
expressed as: 
                                                                                
where   is the charge density and   is the velocity of the electrons. And  can be 
decomposed as 
                                                                                
, where    is the longitudinal current density. The motion of the electrons in the EM field 
satisfies the Lorentz force equation: 
  
  
                                                                     
  represents the real time.   is the momentum of the electrons and 





                                                                            
At the input end of the cavity where the EM wave is totally reflected, all the modes in the 
calculation should satisfy the evanescent wave condition [49-51]: 
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The input boundary condition can be used to determine the initial value of    
   
 that will 
be used for solving (3.7). By doing so, the boundary condition at the input end of the 
cavity is naturally fulfilled.  
At the output end where the EM wave is coupled out of the cavity, the outgoing wave 
boundary condition should be satisfied [49-51]:  
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The output boundary condition can be used as the criterion to judge whether the 
calculation of the oscillation frequency of the wave is true. The above equations form the 
self-consistent nonlinear theory of the gyrotrons in steady state. By solving the above 
equations self-consistently, the axial field distribution of the operation mode, the output 
power, the oscillation frequency can be obtained. The flow chart of solving the above 
self-consistent nonlinear problem is shown in Figure 3-1. 






Figure 3-1: The flow chart of solving the self-consistent non-linear problem for the complex-cavity 
gyrotron.    represents the criteria to judge if the boundary condition of (3.17) is fulfilled.   
Based on the algorithm, a calculation code is developed in Fortran language to facilitate 
the prototype gyrotron design.  
3.2 Numerical Simulations 
To numerically verify the code, a simplified version of the gyro-multiplier scheme shown 
in Chapter 2 [65], namely a 342 GHz, large-orbit and complex-cavity gyrotron operating 
with TE1,2/TE1,3 modes is simulated. The gyrotron beam-wave interaction cavity profile is 
shown in Figure 3-2 with the structural parameters listed in Table 3-1. A 80 kV, 0.7 A 
helical electron beam at a velocity ratio of 1.4, as used in the gyro-multiplier simulation 


















































Figure 3-2: Schematic view of the complex-cavity configuration for beam-wave interaction. 
Table 3-1: The structural parameters of the cavity. 
   0.25 mm    26° 
   0.75 mm    29° 
 3 1.2 mm  3 12° 
   1.4 mm    1 mm 
   6.4 mm   
The numerical simulation results are shown in Figure 3-3. The electron beam is pre-
bunched in the first cavity with TE1,2 mode before entering the second cavity, where the 
main beam-wave interaction between TE1,3 mode and the electron beam takes place. In 
the second cavity, the electrons firstly gain energy from the EM field. After that, most of 
them will loss energy to the field inside the cavity. The amplitude of TE1,2 and TE1,3 
modes as well as the beam-wave interaction efficiency variation along the axis are shown. 
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of 341.96 GHz can be obtained with an external magnetic field of 13.7 T. The output 
mode is TE1,3.  
The gyrotron is then modelled with the same parameters in the commercial PIC code 
MAGIC. The output power variation with time is shown in Figure 3-4. It can be shown 
that the output power stabilised at 5 kW after a starting oscillation process of 8 ns.  
The field amplitude variation at the output end of the cavity is recorded before a Fast 
Fourier Transformation (FFT) is applied. The spectrum of the oscillation is shown in 
Figure 3-5. The oscillation frequency is 341.76 GHz. 
To verify the operation mode inside the gyrotron cavity, the axial electric and transverse 
magnetic field distributions are recorded at 9.7 ns, as shown in Figure 3-6 and Figure 3-7, 
respectively. It is confirmed that the output mode is TE1,3. 
 
Figure 3-3: The numerical results from the calculation code. 






Figure 3-4: The output power variation with time from MAGIC simulation. 
 
Figure 3-5: The spectrum of the recorded signal at the output end of the cavity from MAGIC 
simulation. 






Figure 3-6: The E field distribution from the axial view. 
 
Figure 3-7: The B field distribution from the transverse view. 
Figure 3-8 shows the comparison between the simulated output power from the in-house 
code and MAGIC. Within the external magnetic field range of 13.7 to 14.1 T, both 
numerical tools predict that the output power decreases with the increase of the external 
magnetic field. The peak output power can be obtained at 13.7 and 13.5 T, as predicted 





by the in-house code and MAGIC, respectively. The difference can be explained by the 
simplifications used in the above steady-state non-linear theory as well as the limited 
meshing accuracy of MAGIC regarding the cavity radius.    
 
Figure 3-8: Comparison of the simulated output power from the in-house code and MAGIC. 
 
Figure 3-9: Comparison of the simulated oscillation frequency from the in-house code and MAGIC. 
Figure 3-9 shows that as the external magnetic field increases, both tools predict increase 
of the oscillation frequency. The predicted oscillation frequency values from the in-house 





code are higher than those from MAGIC. A number of factors may have induced the 
discrepancy, such as the different boundary condition algorithms used in the two tools, 
the simplification used in the self-consistent non-linear theory and the limited meshing 
accuracy of MAGIC regarding the radius of the beam-wave interaction cavity. 
The PIC simulation result has shown reasonable agreement with that obtained using the 
in-house code. However, it is worth mentioning that on the same PC, the simulation time 
used by the self-developed code is about 10 minutes while that consumed by the PIC 
code is above 24 hours. Thus the self-developed code presented can be a useful fast 
analysis tool for the gyrotron oscillators.  
The in-house code has also been successfully applied to the development of a 420 GHz 
complex-cavity gyrotron operating with the TE17,3/TE17,4 mode pair in the University of 
Electronic Science and Technology of China (UESTC) [134]. The experimental result has 
shown that the code can serve as an effective tool during the initial design stage of the 
beam-wave interaction structure. 
The theory and analysis process in this chapter can be expanded into the study of a gyro-
multiplier to generate a steady-state, nonlinear theory for the gyro-multiplier with 
sectioned cavity. This will facilitate the characterisation of the gyro-multiplier algorithm 
as well as the preliminary design of the device. 
Chapter Summary 
In this chapter, the steady-state non-linear theory of the gyrotrons has been summarised 
and an in-house simulation code has been developed. Due to a number of simplifications 
used in the non-linear theory, the code which focuses on the steady-state of the gyrotron 
operation, is more time efficient than MAGIC. To verify the code, a comparison has been 
made between the results generated by the two numerical tools. Reasonable agreements 
have been found. The in-house code can serve as a preliminary design tool for the 
gyrotrons.  
 





Chapter 4 Numerical Investigation of a 
High-harmonic Gyrotron 
In this chapter, a high-harmonic large-orbit gyrotron (LOG) operating with TEm,1,1 modes 
is designed and theoretically analysed through the linear theory as well as the 3D PIC 
code. To fulfil the starting oscillation condition at the high harmonics, a 250 kV, 1 A 
electron beam is adopted with a pitch factor of 2. By careful choice of the external 
magnetic field, selective excitation of the oscillation from the fourth to the ninth 
harmonics of the electron cyclotron resonance can be achieved. Correspondingly, the 
radiation spans from 230 GHz to 465 GHz with kW-level output power. By enabling the 
high-harmonic operation, the required external magnetic field strengths are reduced to the 
range between 2.6 T to 3.1 T, which can be provided by a helium-free cryomagnet [135]. 
The study firstly focuses on the excitation and beam-wave interaction characterisation at 
the eighth harmonic. After that, a number of parameter variation studies are conducted to 
specify the influence of the external magnetic field, electron beam parameters as well as 
the structural parameters on the beam-wave interaction outcome. Finally, the multi-
modes, multi-harmonics behaviour from the seventh to the ninth harmonic is also 
investigated.   
4.1 Large-orbit Electron Beam Sources 
One of the most vital parts in LOG development is the large-orbit gyrating electron beam 
source [24-27]. There are basically two categories of beam sources used in the previous 
experiments of LOGs: one is cusp electron type with beam voltage U≤80 kV and the 
other one is Pierce-kicker type or accelerator based type with beam voltage U≥250 kV. 
The reported LOG beam sources used in gyrotron oscillators are summarised in Table 4-1. 
One of the beam sources from Table 4-1 will be chosen in this study.  
 





Table 4-1: Typical LOG beam sources. 
Institution U (kV) I (A)   T Modes Frequency (GHz) 
IAP [135] 15 0.3 ≥2 N/A TE3,4 260 
IAP [135] 30 1 1.5-2 CW TEm,1( =2,4) 267, 394, 520 
Fukui [59] 40 <2 2 1ms TEm,1(  =3,5) 89.3, 112.7, 138 
Strathclyde [6] 40 1.5 1-3 1ms TE2,1 108-110 
IAP [22, 136] 80 0.7 1.4-1.5 10us TE3,7 1000 
IAP [58, 70, 137] 250 10 2 10us TE5,1 150 
IAP [138] 250 ≤4 1 10us TE3,9 414 
IAP [139] 300-350 25-35 1.5 20ns TEm,1(  =1,5) N/A 
Maryland [140] 600 600-1000 2 75ns TE1,0* 0.65 
Maryland [68] 600-750 1000 2.01 80ns TE1,1 0.65 
Maryland [141] 2000 2000 1.83 5-25ns TE1,1 0.7-1.2 
 
 I denotes the maximum achievable beam current.         is the pitch factor where    and    are the 
electron beams transverse and axial velocities, respectively. T represents the reported pulse length of 
electron beam. The operation modes in the experiments are also listed in the last column.
 
*
The study was conducted in a rectangular waveguide and thus with the mode TE1,0.  
 IAP is short for the Institute of Applied Physics, Nizhny Novgorod, Russia; Fukui is the University of 
Fukui, Fukui, Japan; Strathclyde is the University of Strathclyde, Glasgow, UK; Maryland stands for the 
University of Maryland, College Park, USA. 
However, not all of the electron beam sources shown above are suitable for the operation 
of LOGs at the eighth harmonic. For example, as shown by the authors in [142], a 40 kV, 
1.5 A electron beam with a pitch factor of 3 can only support the first seven harmonics 
oscillation even when an extremely long cavity of 50 wavelengths is chosen. The reason 
can be interpreted from the linear theory of a gyrotron where the starting oscillation 
current of TEm,n mode is expressed by [135]  
 





    
 
     
         
                                                         
Here    is the transverse electron beam velocity normalised to the speed of light  . Given 
a fixed value of  ,    is proportional to the beam voltage U [22, 58].     is the ratio 
between the cavity length and the wavelength of the operation mode.   is the quality 
factor of the operation mode. In the aforementioned example where       ,     rises 
dramatically with   and exceeds the maximum beam current that can be provided when 
   . Such strong dependence can be mitigated by increasing   and  , or by using the 
electron beam sources with larger   . However, the former method is not only limited by 
the cavity wall loss in the THz band and the axial modes competition, but also 
complicated by the reabsorption of the wave energy by the electron beam which causes 
unstable output power levels [135, 142]. To maintain an acceptable     at the eighth 
harmonic, an electron beam with higher voltage and hence higher    should be chosen.  
Based on the above analysis, a high-voltage relativistic beam source should be chosen in 
our study to enable the operation of TE8,1,1 mode at the eighth harmonic. It is also 
noteworthy that based on the 3D PIC simulation, the starting oscillation process of TE8,1,1 
mode in certain occasion takes over 50 ns. In this case, we should choose the high-
voltage beam sources with sufficient pulse durations. Thus the beam with a voltage of 
250 kV, a current of up to 10 A, a pitch factor of 2 and a pulse length of 1    is selected 
in this study.  
4.2 Cold Cavity Analysis 
A reasonable choice of the operation mode can greatly lower the risk of mode 
competition in gyrotron development. Although the adoption of axis-encircling electron 
beam has already greatly rarefied the competition modes spectrum by restricting the 
equality of operation harmonic number   and the corresponding modes‘ azimuthal 
index , the high-harmonic LOG operation is still facing potential mode competition. On 
the one hand, within the same harmonic, the modes sharing the same azimuthal index can 
be excited. For example, the operation of TEm,2 mode can be overtaken by TEm,1 mode. 





On the other hand, modes in the lower harmonics but with similar    
    can also be 
excited [22], such as TE9,3 and TE5,2 shown in Figure 4-1. One of the most effective way 
to suppress the above mode competition in high-harmonic LOGs is to use whispering 
gallery modes TEm,1. By using such modes, all the corresponding TEm,n (   ) modes 
will be eliminated by the waveguides cut-off frequencies. For example, in a cavity 
designed for TE8,1 mode, TE8,2 mode will be cut-off. Besides, such modes have separated 
values of    
    from modes in the lower harmonics. In principle, given sufficient beam 
current and proper external magnetic field,     harmonic operation with TEm,1 (   ) 
modes can be selectively excited. However, in order to maintain reasonable selectivity,   
and  cannot be too large as the mode separation between TEm+1,1 and TEm,1 decreases as 
  increases, which can be interpreted from the left-hand part of Figure 4-1.  
 
Figure 4-1: Mode spectrum of the candidate modes for high-harmonic operation. 
Beside, as can be seen from Figure 4-2, the maxima of the radial electric field is located 
more and more close to the cavity wall as  increases, which will in turn induce higher 
Ohmic loss as well as require smaller distance between the electron beam and the cavity 
wall. Thus, this study firstly focuses on the eighth harmonic operation with TE8,1,1 mode. 






Figure 4-2: Radial distribution of the azimuthal electric field    for TEm,1 modes (m=4, 8 and 12).  
and   denotes the azimuthal and radial coordinate, respectively.    
  is the first derivative of     
order Bessel function.    
  is the eigenvalue of TEm,1 mode.    is the waveguide radius. 
The beam-wave interaction cavity profile is shown in Figure 4-3. To maintain the 
cyclotron resonance condition between the gyrating electrons and the rotating wave, the 
oscillation frequency of TE8,1 mode should be slightly higher than the cavity‘s cut-off 
frequency. Thus the cavity diameter is chosen to be 2.2 mm. Then, the Ohmic quality 
factor    of the cavity when using oxygen-free copper as the cavity material can be 
calculated by [139] 
            
     
                                                 
where   is the beam-wave interaction cavity radius and   √      is the skin depth, in 
which      .              and               are the absolute 
permeability and the conductivity of the oxygen-free copper. Assuming that the 
   
















oscillation frequency is exactly 420 GHz, the Ohmic quality factor    of this mode can 
be obtained from (4) as 3424.  
The relatively low value of    suggests that the Ohmic loss on the cavity wall is high due 
to the adoption of a whispering gallery mode where the field maxima is placed very close 
to the cavity wall [143]. To ensure that more power is coupled out of the cavity than 
being dissipated on the cavity wall, the diffraction quality factor    should be smaller 
than   . The code developed in Chapter 3 has predicted that a diffraction quality factor 
of 3051 corresponding to         GHz can be obtained by the geometric parameters 
listed in Table 4-2. The Ohmic quality factor    is then modified to be 3425 given the 
oscillation frequency of 420.1 GHz. The total quality factor   is calculated to be 1614 by 
                                                                     
 
Figure 4-3: The gyrotron cavity profile from longitudinal view. 
Table 4-2: The geometric parameters of the LOG cavity. 
                









    






Figure 4-4: Dispersion diagram of the cylindrical waveguide TE8,1,1 mode and the synchronism 
condition in straight line. The intersection between the two means the resonance interaction point. 
The resonant interaction between the electron beam and the waveguide mode can be 
shown in Figure 4-4 [49-51]. The hyperbolic line is the dispersion curve of TE8,1 mode in 
the cylindrical waveguide as shown in (4.4): 
     
      
                                                              
where    is the cut-off frequency of the mode in the waveguide. The propagation 
constant    is restricted to a number of discrete values. The straight line represents the 
synchronism condition between the electrons and the TE8,1 mode, as described in (1.1). A 
resonant interaction can take place at the intersection point between the two lines.  
By using the above resonance condition and diagram, the external magnetic field 









using the above parameters, the neighbouring modes of TE8,1 might also be excited, such 
as TE7,1 and TE9,1 modes in Figure 4-1. To enable single mode operation, the cold cavity 
theory should be applied to analyse the starting oscillation currents of the potential 
competition modes. 
The starting oscillation currents     of TE8,1,1 mode and the neighbouring modes can be 
analysed by the linear theory as [53]: 
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and    is the Alfven current and         .   is the cavity quality factor.   is the cavity 
length.         and         are the axial and transverse electron beam velocity 
normalised to the speed of light, respectively.    is the mth order Bessel Function while 
  
   and   
    is the first and second derivative of it, respectively.    is the axial wave 
number and  
     [                 ]                                                         





for odd   and 
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for even   in which. 
                                                                              
in which          is the axial momentum of the electrons. In this theory, the external 
magnetic field is assumed to be strictly uniform in the beam-wave interaction region. For 
the case where the external magnetic field varies in the beam-wave interaction region, 
numerical solution of     could be obtained instead of the analytical one. 
 
Figure 4-5: Starting oscillation currents of the potentially excited cavity modes. 





Figure 4-5 gives the starting oscillation currents variation with the external magnetic field 
for a number of modes near TE8,1,1. It can be seen that the starting oscillation current of 
TE8,1,1 mode is the lowest of all the modes when the external magnetic field is between 
2.74 T and 2.78 T. Within this magnetic field range, the TE8,1,1 mode can be selectively 
excited when choosing the beam current to be lower than 1.3 A, by which only the 
starting oscillation condition at the eighth harmonic is fulfilled.  
4.3 Hot Cavity Simulations 
Based on the discussion in the previous part, the beam current should be properly chosen 
to optimise the operation of TE8,1,1 mode. As can be seen in Figure 4-5, the starting 
oscillation current of TE8,1,1 mode is the lowest of all the modes between 2.74 T and 2.78 
T. To fulfil the excitation requirement of TE8,1,1 as well as suppress the nearby 
competition modes, the beam current is chosen as 1 A. Using the parameters obtained in 
cold cavity analysis, a 3D model is built and simulated in the FDTD-PIC code MAGIC 
2007 [144]. The Cartesian coordinate system is used in the representation of the structure 
by a number of small stair-cases.   and   denote the coordinate axes in the transverse 
direction while   is the coordinate axis in the axial direction. The oxygen-free copper as 
used in the above analysis is set as the material of the cavity wall when calculating the 
Ohmic loss by dynamically estimating the RF frequency and skin depth locally for each 
grid cell. In order to verify the hot simulation model as well as its agreement with the 
cold cavity analysis, one representative simulation result with an external magnetic field 
of 2.75 T is shown below.  
The longitudinal and transverse trajectories of the large-orbit electron beam with a radius 
of 0.6 mm are shown at 5.715 ns in Figure 4-6 and Figure 4-12 (a), respectively.  






Figure 4-6: The longitudinal view of the electrons trajectory. 
The starting oscillation process of TE8,1,1 takes about 40 ns before the field amplitude 
settles down at a stable value, as shown in Figure 4-7. The    component, namely the 
electric field in   direction, is recorded at the output aperture of the beam-wave 
interaction cavity. 
 
Figure 4-7: The evolution of the x component of the electric field with time. 






Figure 4-8: Fast Fourier Transformation (FFT) of the output time signal. 
By the Fast Fourier Transformation (FFT) of the recorded time domain signal in Figure 
4-7, the output frequency of the LOG can be obtained in frequency domain. The result in 
Figure 4-8 shows a pure frequency spectrum with only one peak at the point of 420.05 
GHz, which is close to the initial design and cold cavity analysis.  
 
Figure 4-9: Transverse magnetic field distribution at the output end of the cavity. The trajectory of 
the electron beam is represented in black dotted curve.  






Figure 4-10: Axial electric field distribution in the cavity. The trajectory of the electron beam is 
represented in black dotted curve. 
To further verify the operation mode of the LOG, the magnetic field distribution at the 
output end of the cavity is recorded at 48.191 ns, as shown in Figure 4-9. The transverse 
field distribution shows that the operation mode is TE8,1 mode with 16 azimuthal peaks 
and only 1 radial peak. 
Correspondingly, the axial electric field distribution is also recorded on a longitudinal 
cut-plane, as shown in Figure 4-10. Only one peak is observed in the axial direction at the 
time of 48.191 ns, meaning that the axial index of the operation mode is 1. By the 
combination of the observations in Figure 4-8, Figure 4-9 and Figure 4-10, a single mode 
operation of TE8,1,1 at the eighth harmonic is verified. It can also be seen that the electron 
beam is placed away from the field maximum points of the TE8,1 mode in the radial 
direction. The beam-wave interaction still takes place due to the fact that the synchronism 
condition as shown in (1.1) is exclusively fulfilled by the TE8,1 mode at the eighth 
harmonic. For other modes, such condition is not fulfilled given the above parameters 
and thus no oscillation is observed. 
The output power of the designed LOG recorded at the output aperture is shown in Figure 
4-11. It can be seen that after the starting oscillation process of TE8,1,1 mode for about 40 
ns, the output power is stabilised at 3.8 kW. The stable output power level after 40 ns 





suggests a single mode operation of TE8,1,1. The variation of the Ohmic loss power with 
time is almost identical with that of the output power, except that it settles at 3.697 kW. 
 
Figure 4-11: The output power variation with time of the LOG. 
The above simulation results can be further verified by the agreement with the well-
established fundamentals of CRM theory, as shown in Figure 4-12. Before the oscillation 
starts, the electron beam is evenly distributed in the azimuthal direction, as shown in 
Figure 4-12 (a). When the beam-wave interaction reaches the steady state at the eighth 
harmonic, where the wave frequency is about eight times the gyrating frequency of the 
electrons as governed by (7), there will be eight decelerating phase centres corresponding 
to eight electrons bunching centres in the azimuthal direction, as shown in Figure 4-12 
(b). Such an observation is also described in the theory of conventional small orbit 
gyrotrons with harmonic operations [51]. It can also be interpreted that during the steady 
state of oscillation after 40 ns, most of the electrons are releasing energy to the RF field 
as the gyrating radii have decreased from the comparison between (a) and (b) in Figure 4-
12.  






                                      (a)                                                                              (b) 
Figure 4-12: The electrons phase space in transverse direction observed at the output of the cavity: (a) 
At 5.715 ns before the excitation of TE8,1,1 mode at the eighth harmonic; (b) At 48.191 ns when the 
oscillation of TE8,1,1 mode is stable. 
After the verification of the hot cavity model, a number of numerical parameter variation 
studies are conducted to characterise the operation of a LOG at very high harmonics. The 
influence of the external magnetic field, the electron beam parameters and the structural 
parameters will be examined. 
The output power variation with the external magnetic field is shown in Figure 4-13. It 
can be seen that the external magnetic field range for the TE8,1,1 mode is from 2.75 T to 
2.77 T, which is smaller than the interval (2.74 T-2.78 T) predicted by the cold cavity 
analysis when the beam current is 1 A. The difference can be explained by the small 
signal approximations used in the cold cavity analysis [11]. Below 2.75 T, the oscillation 
of TE8,1,1 fails to start and no output power is observed. Beyond 2.77 T, the operation 
mode becomes TE7,1,1. It is also shown that the output power increases as the magnetic 
field decreases. As the external magnetic field decreases, the electron beam will become 
closer to the cavity wall as well as the field maxima of TE8,1,1 mode (see Figure 4-10), 
which in turn enables more efficient energy exchange. The accurate control of the 
external magnetic field strength can be achieved by adopting auxiliary solenoids, in 
addition to the main solenoid of the superconducting magnet [145, 146].  




























Figure 4-13: The output power variation with the external magnetic field (        ). 
The output power and output efficiency variation with the electron beam current from 1 
A to 5 A is shown in Figure 4-14. As the beam current increases, the output power will 
increase as well. However, the output efficiency which is defined as the output power 
divided by the electron beam power, firstly rises with the increase of the beam current 
and then falls down. The maximum conversion efficiency is about 1.87 % at 3.5 A, where 
the beam-wave interaction saturates. Additional simulations have shown that no 
oscillation occurs at the beam current of 0.8 A or 0.9 A, which are lower than the starting 
oscillation current of TE8,1,1 when the external magnetic field is 2.75 T. 
 































Figure 4-14: The output power and efficiency variation with the beam current (             ). 
Figure 4-15 indicates the strong dependence of the output power on the transverse-axial 
velocity ratio  . As the value of   increases from 1.95 to 2.25, the output power increases 
from 2.21 kW to 9.04 kW. When   is chosen to be 2.3 or higher values, the competition 
from the TE9,1,1 mode at the ninth harmonic and TE7,1,1 mode at the seventh harmonic 
shows up. This is because when increasing the value of   from 2.3, the synchronism 
condition between the TE8,1,1 mode at the eighth harmonic and the electron beam does not 
hold. When  =2.3, the final stable operation mode is found to be TE7,1,1 at the seventh 
harmonic. The simulations have shown no signs of starting oscillation when   equals 1.9 
or 1.8. This is because when   decreases, the transverse velocity of the electron beam 
will become smaller which in turn leads to higher starting oscillation current of TE8,1,1 
mode according to (4.1).  
 
















































Figure 4-15: The output power variation with the transverse-axial velocity ratio (        
     ). 
In the LOG where the TEm,1 modes are used, the Ohmic loss is significant because the 
field maxima is very close to the cavity wall. The total power ( ) extracted from the 
electron beam will not only be coupled out of the cavity as output power (  ), but also be 
dissipated as Ohmic loss power (  ) on the cavity wall, meaning 
                                                                             
There are three key parameters that essentially affect the total power, output power and 
Ohmic loss power, namely the beam-wave interaction cavity length  , the input taper 
angle    and the output taper angle   . These parameters also have considerable impact 
on the oscillation frequency. The influence of these parameters on the beam-wave 
interaction behaviour should be discussed.  
Figure 4-16 shows the variation of the total power, output power, Ohmic loss power and 
oscillation frequency with the cavity length. The total power represents the sum of the 
output and Ohmic loss power. The investigation of the cavity length   begins from 8 mm 
since the numerical simulation at         has shown no oscillation of TE8,1,1 by 
requiring a starting oscillation current beyond 1 A. It can be seen that the output power, 































the Ohmic loss power and the total power increase from         to         . 
Since the beam current in this study is just slightly higher than the starting oscillation 
current of TE8,1,1, and the beam-wave coupling coefficient is low [15, 19, 31], the beam-
wave interaction will be more efficient by providing longer cavity within certain range. 
Within the range between 8.0 to 10.5 mm, the longer cavity will enable better energy 
exchange and hence higher total power. The lengthening of the cavity will enhance the 
energy storage capability as well as enlarge the inner surface area of the cavity, which in 
turn will cause the increase of the Ohmic loss power. Since the total power rises faster 
than the Ohmic loss power, the output power also goes up with increasing  . 
 
Figure 4-16: The variation of the output power, Ohmic loss power, total power and oscillation 
frequency with the cavity length (    ,         ,    ,       
 ,       
 ). 
Figure 4-16 also shows that as the cavity length increases, the Ohmic loss power, 
although being less than the output power at        , eventually exceeds the later 
with increasing  . At         , the two have approximately the same value. 
Considering the fact that the Ohmic loss power at          has already exceeded the 
output power, the adoption of even longer cavity, while being promising to provide 
higher output power, will cause even higher Ohmic loss. As   increases from 8 mm to 
10.5 mm, the oscillation frequency drops from 420.053 GHz to 419.689 GHz. 















































Figure 4-17: The variation of the output power, Ohmic loss power, total power and oscillation 
frequency with the input taper angle (    ,         ,    ,      ,       
 ). 
To investigate the influence of the taper angles on the beam-wave interaction behaviour, 
all the structural parameters are kept constant except that    and    in Figure 4-3 are 
changed according to different values of the input and output taper angles, respectively. 
Figure 4-17 shows the influence of the input taper angle    on the beam-wave interaction 
behaviour. As    becomes larger, the total power, the output power and the Ohmic loss 
power go down gradually. Such trend can be interpreted by the influence of    on the 
diffraction quality factor   . It is known from the cold cavity analysis that the value of 
   drops with increasing    [38, 39]. Assuming that the Ohmic quality factor    is 
constant as from (4), the total quality factor   of the cavity will hence be reduced 
according to (5). As the beam current used in these studies is only slightly over the 
threshold starting current and the beam-wave coupling coefficient is low at the eighth 
harmonic, the drop of   leads to lower beam-wave interaction efficiency [29-31,40] and 
hence lower total power. With the reduction of the beam-wave interaction efficiency, the 
field amplitude inside the cavity will become smaller, meaning the Ohmic loss power will 
also be reduced. Since the total power drops faster than the Ohmic loss power, the output 
power is also decreasing by examining (8). The oscillation frequency of TE8,1,1 mode 
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goes up slightly from 420.040 GHz to 420.069 GHz when the input taper increases from 
2° to 10°.  
Figure 4-18 shows the influence of the output taper angle    on the beam-wave 
interaction performance. As    decreases, the total power, the output power and the 
Ohmic loss power drops. Since the decrease of    brings the reduction of   , the drops of 
the total power, the output power and the Ohmic power can be explained in the same 
manner as shown in the previous case of increasing   . The oscillation frequency of 
TE8,1,1 mode increases slightly from 420.043 GHz to 420.057 GHz when the output taper 
angle varies from 3° to 8°. 
 
 
Figure 4-18: The variation of the output power, Ohmic loss power, total power and oscillation 
frequency with the output taper angle (     ,         ,    ,      ,       
 ). 
While the decrease of    and the rise of    bear the potential to increase the total quality 
factor and hence the output power, even greater rise of the Ohmic loss power is observed 
at the same time. This is because as    increases, the ratio between    and    will also 
go up, meaning the proportion of the total power that is converted to the Ohmic loss 
power will become larger. In THz LOG, it seems that the Ohmic loss has become a key 
constraint in obtaining high output power. On one hand, to access the high efficiency 
operation point when the beam-wave coupling coefficient is low,   should be increased. 
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On the other hand, the increase of   can only be achieved by raising the value of   , 
which will then bring relatively larger Ohmic loss power compared to the output power. 
Last but not the least, it is worth mentioning that for higher and higher harmonics 
operation, the mode spectrum becomes more and more crowded, as illustrated in Figure 
4-1 and Figure 4-5. Under such situation, the velocity spread of the electron beam will 
have significant impact on the beam-wave interaction behaviour at high harmonics. In 
order to study the effect of the velocity spread in the PIC model, the beam current is 
increased from 1 A to 3 A to make sure that the starting oscillation condition of TE8,1,1 
mode is fulfilled even at high velocity spread values. In this study, one of the 
conventional models for considering the velocity spread is used, which approximates the 
transverse velocity distribution of the electrons with a Gaussian profile [41, 42].  
Figure 4-19 shows the output power variation with time for different values of transverse 
velocity spread. It can be seen that as the transverse velocity spread goes up from 0 to 
14.0%, it takes more time for the TE8,1,1 to reach the steady oscillation state, the output 
power of which drops from 13.6 kW to 3.5 kW without the presence of competition 
modes. When the velocity spread is 16.0%, the electrons with the largest gyrating radius 
start to bombard on the drifting cavity wall. The above design is robust regarding the 
problem of mode competition with the presence of electron velocity spread from 0 to 
14.0%.  






Figure 4-19: The variation of the output power with the velocity spread (     ,         ,    , 
     ,       
 ,       
 ). The numbers on the right-hand side of the curves indicate the 
corresponding values of velocity spread. 
4.4 Multi-modes, Multi-harmonics Behaviour 
It can be seen from Figure 4-5 that the neighbouring modes of the TE8,1,1 mode are TE7,1,1 
and TE9,1,1. The operation magnetic field range of the modes, while overlapping with 
each other, decreases as the harmonic number increases. Under this circumstance, the 
operation of TE8,1,1 mode is influenced by both TE7,1,1 and TE9,1,1 modes, especially at the 
boundary of TE8,1,1 mode‘s operation magnetic field range. The interference among these 
modes also represents the competition among the corresponding harmonics. Thus the 
multi-modes, multi-harmonics behaviour from the seventh to the ninth harmonic should 
be investigated to throw light on the mode competition dynamics as well as find the 
single mode operation regime. 
Figure 4-20 shows the output power variation with time when           and      , 
which indicates the existence of mode competition.  






Figure 4-20: The output power variation with time when         ,      . 
 
Figure 4-21: The spectrum of the output signal at different time slots for         ,     . 





To identify the modes involved in the competition, the output signal within different 
instants of time are recorded and transformed into the frequency domain, as shown in 
Figure 4-21. The amplitude of the signals are normalised to the peak value at 419.93 GHz. 
It can be seen that before 35 ns, the spectrum of the output signal is pure with only one 
peak at 464.33 GHz. Such spectrum and the corresponding field distribution indicates 
single mode operation of the TE9,1,1. Between 35 ns and 45 ns, the TE8,1,1 mode at the 
eighth harmonic oscillates up and the TE9,1,1 mode is gradually suppressed. After 45 ns, 
the output spectrum becomes pure again with single peak at 419.93 GHz. The spectrum 
and the corresponding field distribution indicate stable single mode operation of the 
TE8,1,1 at the eighth harmonic. The stable output power is 8.1 kW. 
A similar scenario of competition between TE8,1,1 mode and TE7,1,1 mode can also be 
observed. Figure 4-22 shows the output power variation with time when           and 
     .  
 
Figure 4-22: The output power variation with time when         ,      . 
The output signal within different instants of time are recorded and transformed into the 
frequency domain, as shown in Figure 4-23. The amplitude of the signals are normalised 
to the peak value at 372.32 GHz. It can be seen that before 35 ns, the spectrum of the 





output signal is pure with only one peak at 420.21 GHz. Such spectrum and the 
corresponding field distribution indicates single mode operation of the TE8,1,1. Between 
35 ns and 45 ns, the TE7,1,1 mode oscillates up and the TE8,1,1 mode at the eighth 
harmonic is gradually suppressed. After 45 ns, the output spectrum becomes pure again 
with single peak at 372.32 GHz. The spectrum and the corresponding field distribution 
indicate stable single mode operation of the TE7,1,1 at the seventh harmonic. The stable 
output power is 15.4 kW. 
 
Figure 4-23: The spectrum of the output signal at different time slots for         ,     . 
From the above analysis, it can be seen that it is feasible to operate the LOG at very high 
harmonics. However, special attention should be paid to the competition of the 
neighbouring modes at different harmonics. For TE8,1,1, the single mode operation 
magnetic field range is from 2.75 T to 2.77 T when the beam current is chosen as 3 A. In 
the external magnetic field range between 2.78 T and 2.80 T, its operation tends to be 
replaced by the TE7,1,1 mode at the seventh harmonic. In the range between 2.73 T and 
2.74 T, its stable oscillation builds up after the competition with the TE9,1,1 mode. The 





mode competition scenario at lower harmonics (from the fourth to the sixth harmonic) 
can be studied in the same manner.  
Chapter Summary 
In this chapter, a high-harmonic large-orbit gyrotron is studied in detail. The designed 
LOG is capable of operation from the fourth to the ninth harmonic. By varying the 
external magnetic field strength and proper choice of the electron beam current, selective 
excitation of the TEm,1,1 modes can be achieved. The designed LOG can generate kW-
level output power at a number of discrete frequency points within the range from 230 
GHz at the fourth harmonic to 465 GHz at the ninth harmonic. The high-harmonic 
operation of the device can significantly reduce the required external magnetic field. The 
multi-modes, multi-harmonics behaviour of the device is also characterised to determine 
the single-mode operation regime of the device. 
 





Chapter 5 Output System Design for the 
Gyro-multiplier  
In this chapter, the design of the output system for the fourth-harmonic gyro-multiplier is 
described. It begins with the examination of two possible configurations of the system, 
namely the Separation-Conversion scheme and the Conversion-Separation scheme. And 
the reason for choosing the latter is discussed. Then, the dual-harmonic quasi-optical 
mode converter (DQMC) is studied for the simultaneous conversion of the two high-
order waveguide modes into quasi-Gaussian beams. Following that, a single disc window 
(SDW) is designed, which will be used to keep the vacuum seal and transmit both quasi-
Gaussian beams with low insertion loss. For the separation of the two frequencies, a high-
pass FSS is designed which is transparent at 1368 GHz while opaque at 342 GHz. The 
design and sensitivity test of the designed FSS are carried out with consideration of 
electric breakdown.  
5.1 Methodology 
There are basically two configurations that can be used in designing the output system of 
the gyro-multiplier. On the one hand, it seems applicable to put a FSS directly at the 
output end of the gyro-multiplier, which can separate the output TE4,9 mode at 1368 GHz 
from the TE1,3 mode at 342 GHz, before a quasi-optical system is applied to convert the 
former into a quasi-Gaussian beam. Such configuration can be called the Separation-
Conversion scheme. On the other hand, the quasi-optical mode conversion of the two 
modes can be applied first and followed by the FSS to separate the two frequencies, 
which can be called the Conversion-Separation scheme. 
5.1.1 Scheme One: Separation-Conversion 
The Separation-Conversion scheme can be illustrated in Figure 5-1. To apply the FSS at 
the output end of the truncated waveguide of the gyro-multiplier, the electrons needs to 





be collected before the generated wave is radiated. Such configuration is found to be 
problematic because the gyro-multiplier operates with high-order cylindrical waveguide 
modes exhibiting complicated field distribution and polarisation. As a periodic structure, 
the performance of the FSS can only be ideal and predictable when the incident wave is a 
plane wave or Gaussian beam. When the incident wave of the FSS is consisted of high-
order waveguide modes, the performance of the FSS will be degraded or even 
malfunctioned. 
 
Figure 5-1: The transverse view of the Separation-Conversion scheme. 
To study the performance of a FSS with the direct radiation from a truncated waveguide, 
a model is built in CST Microwave Studio. In the numerical simulation, when the 
generated TE1,3 and TE4,9 modes are coupled out directly from the truncated waveguide 
with a circular aperture, most of the radiated power will spread into a relatively broad 
circularly symmetric hollow cone with a rather complex polarisation and poor directivity, 
as shown in Figure 5-2 for the case of TE4,9 mode excitation. A high-pass FSS which is 
designed to be transparent at 1368 GHz is placed in front of the output aperture.  






Figure 5-2: Propagation of the wave radiated directly from a waveguide aperture and its interaction 
with the designed FSS. 
In this case, the adoption of a FSS at the output end of the cavity is facing several 
difficulties： 
After leaving the output aperture of the gyro-multiplier cavity, the radiated field instantly 
spread into space with different propagation directions at different locations. If a FSS is 
place directly in front of the spreading wave at the output aperture, as shown in Figure 5-
2, the angle of incident wave will be different at different locations on the FSS. The 
incident angle of the wave might be any value from 0 degree to near 90 degree. For large 
angle of incident, the operating of FSS will be greatly degraded, meaning the two 
frequencies cannot be separated effectively. As a matter of fact, the insertion loss of the 
FSS in this case is more than 10 dB at 1368 GHz, which does not satisfy the design 
requirement. 
And to minimise the reflection of the wave, the FSS has to be placed at certain distance 
from the output aperture of the waveguide. This means the radiated wave will have to 















order waveguide modes are unsuitable for power transmission in free space because of 
the strong transmission and diffraction loss.  
Based on the above analysis, the FSS is unsuitable for operating with the high-order 
waveguide modes directly. To design a proper gyro-multiplier output system, the high-
order modes should be converted into quasi-Gaussian beams before being illuminated on 
the FSS.  
5.1.2 Scheme Two: Conversion-Separation 
The Conversion-Separation scheme is shown in Figure 5-3, in which a dual-harmonic 
quasi-optical mode converter (DQMC) and a FSS are employed. As the magnetic 
confined electrons passes through the beam-wave interaction cavity, both the high-order 
modes as specified in Table 1-1 can be generated. The spent electrons are then collected 
by the collector. A DQMC consisting of a launcher and two subsequent mirrors is 
connected to the output end of the gyro-multiplier beam-wave interaction cavity directly. 
The launcher is used to radiate the high-order waveguide modes into free space with 
designed directivity. And the subsequent mirrors are adopted to adjust the phase and 
amplitude distribution of the radiated wave beams to form two quasi-Gaussian beams at 
certain distance away from the DQMC. The red lines represent the path of the converted 
wave beams. Apart from enabling the effective operation of the subsequent FSS, the 
adoption of the DQMC makes the output system of the gyro-multiplier more compact, 
which is a favourable choice to reduce the transmission and Ohmic loss in the THz 
frequency range. 
 






Figure 5-3: Transverse view of the Conversion-Separation scheme with transverse output. 
At the waists of the converted quasi-Gaussian beams, a FSS can be applied to separate 
the two frequencies. To avoid reflecting the wave back into the beam-wave interaction 
system, the FSS is designed for oblique incidence with an incident angle of    . In Figure 
5-3, a high-pass FSS is shown where the low frequency content is reflected while the 
high frequency counterpart is transmitted. After the separation, the two beams can be 
received by two horns, separately. 
5.2 Quasi-optical Mode Converter Development 
The quasi-optical mode converter (QMC) has been demonstrated successfully in the 
gyrotrons to transform the high-order waveguide modes into quasi-Gaussian beams. A 
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modes into free space and several subsequent reflectors to adjust the amplitude and phase 
of the radiated wave beams to form quasi-Gaussian field distributions. A launcher is 
basically an asymmetrically cut waveguide that is capable of radiating the high-order 
waveguide mode with chosen directivity and polarisation. The original Vlasov launcher 
with the standard mirrors was proposed and demonstrated in 1975 [76, 95]. To improve 
the radiation efficiency of the output system, several improved versions of the Vlasov 
launcher have been proposed and reported in the literature [94, 97, 98, 147-151]. The 
standard mirrors are also in some applications replaced by the irregular phase-correcting 
mirrors to improve the beam forming property [90, 103, 152].  
Although the improved versions of the Vlasov-type launcher and the phase-correcting 
mirrors are proved to be more efficient, additional complexity in the design, fabrication 
and alignment will be considerable when operating at 342 and 1368 GHz. For example, 
the estimated fabrication precision required by a Denisov launcher at 1368 GHz will be 
as high as 1 micron [153]. As the first effort to develop an output system for the gyro-
multiplier in the THz frequency range, the consideration of simplicity in design and 
fabrication outweighs that of the efficiency. Thus the original Vlasov launcher and the 
standard mirrors are chosen in the designed DQMC for the proof-of-principle study.  
In this section, the geometric optics (GO) for the high-order waveguide modes 
propagation as well as the synthesis of the Vlasov launcher and the subsequent mirrors 
will be described in detail. The geometric optics will be used as a preliminary tool of 
designing the DQMC for the output modes of the gyro-multiplier. To verify and optimise 
the design, a 3-D full electromagnetic simulation with Feko 7.0 [154] is conducted. The 
efficiency of power transmission and the Gaussian content of the converted beam at the 
output window area will also be extracted from the results of the simulation. 
5.2.1 Design and Simulation of the Vlasov Launcher 
The design of a qualified DQMC requires that, not only the angles of radiation for the 
two modes when leaving the launcher should be close enough, to make sure that the 
subsequent mirrors operate properly for both, but also the Vlasov launcher should launch 





both modes effectively. It will be shown in the following that, although these two modes 
are different in the field pattern and distantly separated in the spectrum, the above 
requirements can be fulfilled.  
On the one hand, the difference between the angles of radiation for the two modes, can be 
defined as 
    
|         |
    
                                                     
in which      and      are the Brillouin angles for the TE1,3 mode at 342 GHz and TE4,9 
mode at 1368 GHz, respectively. It can be seen from (2.29) that, given the operation 
modes and the corresponding frequencies,     varies smoothly with  . By the 
combination of (2.29) and (5.1), the variation of     with   is shown in Figure 5-4. 
 
Figure 5-4: Variation of     with the radius of the Vlasov launcher. 





Figure 5-4 has shown that    , while being relatively small, decreases with the increase 
of  . Thus the choice of the waveguide radius of the Vlasov launcher is based on trade-
off. In order to maintain a relatively small value of    , the value of   should be as large 
as possible. While the upper limit of the value of   is restricted by the design of the 
beam-wave interaction cavity of the gyro-multiplier and the concern of unwanted mode 
transformation. Considering these factors, the radius of the waveguide at the input end of 
the Vlasov launcher is designed as 1.4 mm, at which      and      are determined by 
(2.29) as      and      , respectively .  
On the other hand, the helical cut of the Vlasov launcher should cover the Brillouin 
regions of both modes. For TE1,3 mode, the Brillouin region can be explicitly defined by 
the axial length    , the azimuthal length      and the inclination angle    . And the 
Brillouin region for TE4,9 mode is determined by the axial length    , the azimuthal 
length      and the inclination angle    . These values as listed in Table 5-1, are 
determined by (2.34), (2.35) and (2.37). 
Table 5-1: The dimensional parameters of the Brillouin regions of the two modes at different 
frequencies. 
                          
3.70 mm 4.59 mm 4.07 mm 4.05 mm 67.2  62.5  
 






Figure 5-5: The unfolded view of the modified Vlasov launcher. The helical cut of the launcher 
embraces the Brillouin regions of the two modes, such that the launcher can radiate the two modes 
effectively. 
The Brillouin regions of the two modes are then shown in Figure 5-5. It can be seen that, 
the axial length of the Brillouin region for TE1,3 mode is shorter than that for the TE4,9 
mode, while the azimuthal length of the former is longer than that of the latter. To 
enclose both Brillouin regions, the traditional helical cut of the Vlasov launcher should be 
modified accordingly. That is, the azimuthal and the axial lengths should be chosen as 
     and    , respectively. And the new cut is show as the bolded line in Figure 5-5. In 
such way, the launcher will be capable of launching the two modes effectively. Thus the 
length of the helical cut of the modified Vlasov launcher is 4.59 mm in the axial direction 
and 4.07 mm in the azimuthal direction, which will be sufficient for the directional 
radiation of both modes into free space. Given the lengths and the radius, the simulation 
model of the modified Vlasov launcher in Feko 7.0 is determined and shown in Figure 5-
6. 
The above model is then excited by TE1,3 mode at 342 GHz with power of 2 kW and  
TE4,9 mode at 1368 GHz with power of 120 W, respectively. The field distribution of the 
TE1,3 mode and TE4,9 mode are shown in Figure 5-7 (a) and (b), respectively.  
Cutting edge Brillouin region of TE1,3
    
 
   




Brillouin region of TE4,9
   
 
 
    
   
   
  






Figure 5-6: Details of the modified Vlasov launcher with a helical and straight cut. 
   
                                           (a)                                                                                  (b) 
Figure 5-7: Field distribution on the input port for: (a) TE1,3 mode; (b) TE4,9 mode. 
The surface current distributions on the launcher wall for the case of TE1,3 mode and 
TE4,9 mode excitation are also shown in Figure 5-8 (a) and (b), respectively. The 

















   
                                                   (a)                                                                                 (b) 
Figure 5-8: Current distribution on the modified Vlasov launcher with a helical cut when being 
excited by: (a) TE1,3 mode; (b) TE4,9 mode. 
The radiated near-field at the output aperture of the modified Vlasov launcher can be 
observed on the unfolded cylindrical waveguide surface for the case of TE1,3 mode and 
TE4,9 mode excitation, respectively, as shown in Figure 5-9. In Figure 5-9, the horizontal 
and vertical axes correspond to the longitudinal and azimuthal coordinates of the Vlasov 
launcher, respectively. It can be seen that the field distribution at the aperture of the 
modified Vlasov launcher is concentrated within the removed helical area. And the power 
is radiated towards the   axis, which is also the direction of the opening of the aperture. 
The field radiated toward the    axis is negligible. The electric field distribution as 
shown in Figure 5-9 also resembles the results of the Brillouin regions analysis in the 
geometrical optics, as shown in Figure 5-5. The difference is caused by the diffraction of 
the wave beam, which is not taken into consideration by the geometrical optics analysis. 
It can also be seen from Figure 5-9 that the electric fields at    , which corresponds to 
the straight cut of the modified Vlasov launcher, are stronger than the neighbouring areas. 
This is caused by the obstruction of the wall currents by the straight cut, as shown in 
Figure 5-8.  
 









Figure 5-9: E-field distribution on the unfolded waveguide surface when being excited by: (a) TE1,3 
mode; (b) TE4,9 mode. The unit of the field value is kV/m. 





5.2.2 Mirror Synthesis 
The radiated rays of the modified Vlasov launcher are parallel in the     plane and 
spread an angle of    in the     plane, which can be converted to have Gaussian-like 
distributions by two-dimensionally adjusting the amplitude and phase. To do so, two 
types of mirror system can be utilised. 
The first type is shown in Figure 5-10. The path of the wave beam in the DQMC is 
represented by the red lines. The quasi-elliptical cylinder mirror is used to focus the rays 
in the     plane. Then, the parabolic cylinder mirror is placed at half way of the ray 
propagation, to reflect and focus the beam in     plane. The radiated beam is finally 
directed to the focal point  .  
 
Figure 5-10: The reflection of the rays by a quasi-elliptical cylinder mirror and a parabolic cylinder 
mirror. 
This mirror system has been proven to be effective when operating with the TE0n modes 
[155] where the radiated field from the Vlasov launcher and the first mirror is 






















first mirror is asymmetrical, the parabolic cylinder mirror whose shape does not vary 
along the   direction, will not be effective in reflecting and focusing the electric field in 
the     plane.  
The second type of mirror synthesis is shown in Figure 5-11. The path of the wave beam 
in the DQMC is represented by the red lines. A quasi-parabolic cylinder mirror can be 
used to parallelise the rays in the     plane. After the adjustment of the first mirror, the 
rays are parallel in both     and     planes. Then, if an elliptic-paraboloid mirror is 
placed in such a way that its axis is parallel with the propagation directions of the rays, 
they will all be reflected to and two-dimensionally focused at the focal point of the mirror. 
The two-dimensionally focusing mirror is suitable for reshaping the field with 
asymmetrical distribution.  
 
Figure 5-11: The reflection of the rays by a quasi-parabolic cylinder mirror and an elliptic-
paraboloid mirror. 
The dimension of the quasi-parabolic cylinder mirror in the     plane is governed by 
[51] 
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in which    is the distance between the vertex of the quasi-parabolic cylinder mirror and 
the   axis.   represents the azimuthal angle between the radiated rays and the   axis in 
the     plane [51].    is the caustic radius of the mode to be transformed. The shape of 
the quasi-parabolic cylinder mirror is consistent along the   direction. 
The original point of the local coordinate system for the elliptic-paraboloid mirror is   . 
The distance between    and   is    in the   direction and    in the   direction. To avoid 
the interference between the reflected wave beams from the elliptic-paraboloid mirror 
and the quasi-parabolic cylinder mirror, the following relationship should be fulfilled: 
                                                                 
where    is the length of the unperturbed waveguide section at the input end of the 
launcher. 
By setting the focusing point   being right below    and having a distance of   from the 
  axis, the axis    forms an angle of    with the   axis. The distance between   and  
  is  
                                                                          
The coordinates of   in the         plane are                         . In the 
           coordinate system, the equation of the elliptic-paraboloid mirror can be 
written as 
    
               
 
    
 
     
    
 
            
 
    
                            
In the         plane, the equation of the elliptic-paraboloid mirror can be simplified to 
represent a parabolic line, 
     
               
 
    
 
            
 
    
                                   





The directrix of this parabolic line can be written as: 
        
            
 
    
                                                    
Since the original point       in the          plane is also on the parabolic line, its 
distance to the focusing point   is identical with that to the directix, which gives 
         
            
 
    
                                                   
Thus it can be derived that 
    
    
 
                                                                   
And from the geometrical optics, it can be derived that 
                                                                              
when the focal length in the     and     planes are chosen to be the same. The 
chosen values of the variables used in (5.2)-(5.11) are listed in Table 5-2. 
Table 5-2: The designed parameters for the mirror synthesis. 
                 
0.18 mm 4.2 mm 14.0 mm 1.0 mm       22.4 mm 
Here the values of    and    are calculated according to the parameters of the TE4,9 
mode at 1368 GHz. This is because the two modes share similar values of    as well as 
   and the TE1,3 mode at 342 GHz is less sensitive to the parameter variations.  
To verify the above design, a 3-D full electromagnetic simulation using Feko 7.0 is 
conducted. The model is shown in Figure 5-12. Apart from the launcher and the two 
reflectors, a virtual observation window is located in parallel with the           
plane, to record the field distribution of the converted wave beams at the waists. 






Figure 5-12: The 3D model of the DQMC built in Feko 7.0. The virtual observation plane is placed at 
the designed focal plane. 
The above model is simulated with rotating TE13 excitation at 342 GHz and TE49 input at 
1368 GHz, respectively. The rotation direction of the input waveguide modes is chosen to 
be the same as the helical cut of the modified Vlasov launcher. 
The current distribution on the quasi-parabolic cylinder mirror when the system is excited 
by TE1,3 mode at 342 GHz and TE4,9 mode at 1368 GHz are shown in Figure 5-13 and 
Figure 5-14, respectively. It can be seen that the radiated field of the modified Vlasov 
launcher can be effectively collected by the quasi-parabolic mirror. The induced surface 
current by the TE1,3 mode at 342 GHz is higher than its counterpart at 1368 GHz, as the 
input power of the former is much higher than the later. 
 






Figure 5-13: The current distribution on the quasi-parabolic cylinder mirror when the launcher is 
excited at 342 GHz with TE13 mode. 
 
Figure 5-14: The current distribution on the quasi-parabolic cylinder mirror when the launcher is 
excited at 1368 GHz with TE49 mode. 
The reflected wave beam is then directed to the elliptic-paraboloid mirror. And the 
current distributions on this mirror when being excited by TE1,3 mode at 342 GHz and 
TE4,9 mode at 1368 GHz are shown in Figure 5-15 and Figure 5-16, respectively. After 





been reflected by the elliptic-paraboloid mirror, the wave beam will be focused in both 
    and     planes.  
 
Figure 5-15: The current distribution on the elliptic-paraboloid mirror when the launcher is excited 
at 342 GHz with TE13 mode. 
 
Figure 5-16: The current distribution on the elliptic-paraboloid mirror when the launcher is excited 
at 1368 GHz with TE49 mode. 






Figure 5-17: The path of the wave beam propagation in the designed DQMC from the side view when 
the launcher is excited at 342 GHz with TE13 mode. 
 
Figure 5-18: The path of the wave beam propagation in the designed DQMC from the side view when 
the launcher is excited at 1368 GHz with TE49 mode. 
 





Figure 5-17 and Figure 5-18 shows the path of the wave beams propagation in the 
designed DQMC when the system is excited by TE1,3 mode at 342 GHz and TE4,9 mode 
at 1368 GHz,  respectively. It can be seen that both wave beams are properly focused at a 
given distance from the elliptic-paraboloid mirror. And the converted wave beams are 
propagating in the   direction. The simulation results agree with the geometrical optics 
analysis. The effect of diffraction during the propagation of the wave beams is also 
shown.  
The distributions of the total electric field ( ) as well as the corresponding   component 
(  ),   component (  ) and   component (  ) on the focal plane, for the case of TE13 
excitation at 342 GHz, are shown in Figure 5-19. The distributions of  ,   ,    and    
are shown in dB contour with normalisations to the maximum total electric field value, 
which is denoted as    
  . And from the result of the numerical simulation,    
        
        when the incident power is 2 kW. 
And the distribution of  ,   ,   ,    on the focal plane for the case of TE49 excitation at 
1368 GHz are shown in Figure 5-20. The distributions of  ,   ,    and    are shown in 
dB contour with normalisation to the maximum total electric field value, which is 
denoted as    
  . From the result of the numerical simulation,    
               , 
when the incident power is 0.12 kW. 
From Figure 5-19 (a) and Figure 5-20 (a), it can be seen that both the high-order modes at 
the fundamental and the fourth harmonic can be converted into quasi-Gaussian beams. 
And the side lobes of the converted quasi-Gaussian beams are lower than -20 dB at 342 
GHz and lower than -15 dB at 1368 GHz. Figure 5-19 and Figure 5-20 suggest that both 
quasi-Gaussian beams are linearly polarised in the   direction. It is also shown that after 
the transformation of the DQMC, the converted quasi-Gaussian beam at 342 GHz is 
larger in size than that at 1368 GHz. 











Figure 5-19: The dB contour of the electric field distribution on the observation window for TE1,3 
mode incidence at 342 GHz: (a) The total electric field distribution; (b) The distribution of the    
component; (c) The distribution of the    component. The dB values of the    component are all 
below -30 dB in the plotted area. 











Figure 5-20: The dB contour of the electric field distribution on the observation window for TE4,9 
mode incidence at 1368 GHz: (a) The total electric field distribution; (b) The distribution of the    
component; (c) The distribution of the    component. The dB values of the    component are all 
below -30 dB in the plotted area. 





The Gaussian content of the converted wave beam can be calculated as [156]: 
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in which |  | and |  | are the amplitude distributions of the converted quasi-Gaussian 
beam and the fundamental Gaussian beam, respectively.   denotes the plane of 
observation. And from definition of the standard Gaussian beam, 
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    and     are the beam waists in the   and   directions, respectively.   is the 
wavelength.            is the coordinate of the center point of the beam waist. 
The power being collected on the virtual observation window can be determined by the 
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where  ⃑  and  ⃑ are the electric and magnetic field vectors, respectively.  ⃑   represents the 
conjugate of  ⃑ . And  ⃑  is the unit normal vector of the observation plane.  
Since the electric and magnetic field can be decomposed as: 
  ⃑             ⃑                                                        
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the converted power can be expressed as: 
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 ,   
  and   
  are the conjugates of   ,   and   , respectively. In the above 
simulation model, the observation plane is parallel with the     plane. Thus  ⃑    and 
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By recording the       components of the electric and magnetic field, the power that has 
been transmitted to the observation plane can be calculated by piecewise integration. 




                                                                          
where the values of    for the two modes are listed in Table 1-1. The polarisation 
characteristics of the converted quasi-Gaussian beam are of critical importance for the 
application of the FSS. The fraction of depolarised power can be defined as [157] 
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in which    and    are the   component of the Poynting vector associated with the 
electric field in the   and   directions, respectively. And 
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By recording the electric and magnetic field distributions at the two frequencies, the 
values of   ,   and    are calculated and summarised in Table 5-3. 
Table 5-3: The Gaussian contents, the power transmission coefficients and the fractions of 
depolarised power for the two modes. 
  342 GHz 1368 GHz 
   94.6% 89.6% 
       1.628 0.109 
  81.4% 90.6% 
   0.8% 0.8% 
A number of important conclusions can be drawn from Table 5-3. Firstly, by using the 
DQMC, both TE13 mode at the fundamental harmonic and the TE4,9 mode at the fourth 
harmonic can be transformed into quasi-Gaussian beams. Secondly, for both modes, the 
Gaussian contents and the power transmissions coefficient of the converted wave beams 
have shown comparable values with some of the previous work in the single mode QMC 
[158, 159], which in turn validates the above approach of DQMC design. Thirdly, the 
converted wave beams are linearly polarised in the   direction with very low fraction of 
depolarised power in the   direction. The linearly polarised quasi-Gaussian beams can be 
properly separated by the FSS. 









Figure 5-21: The dB contour comparison between the standard Gaussian distribution and the electric 
field distribution on the window area when the launcher is excited at (a) 342 GHz with TE13 mode; (b) 
1368 GHz with TE49 mode. The red dotted line is a standard Gaussian beam distribution. 





Figure 5-21 shows the comparison between the converted quasi-Gaussian beams and the 
standard Gaussian beams for the cases of TE13 mode and TE49 mode excitation of the 
DQMC, respectively. It can be seen that the converted quasi-Gaussian beams show 
similar field patterns as the tilted standard Gaussian beams. This implies that with the 
above designed DQMC, both high-order asymmetric waveguide modes can be effectively 
converted into quasi-Gaussian beams. 
It should be noticed that the similar propagation properties of the two modes in the 
DQMC is essential to the success of the design. As seen from the mode selection criteria 
and the operation principle of the gyro-multiplier [62-64], the   ,   ,   , ,    
  and  
values of TE4,9 mode are nearly four times the values of their counterparts of TE1,3 mode, 
which in turn lead to similar values of   ,  ,    and   for the two modes. That is to say, 
the particular mode selection criteria and operation principle of the gyro-multiplier have 
facilitated a successful design of the DQMC. It is also predictable that the above 
algorithm can be generalised to apply to other gyro-devices with frequency multiplication. 
5.3 Single Disc Window Design 
After the quasi-optical mode conversion system, the converted dual-frequency wave 
beam should be transmitted through an output window, which is widely used in the 
vacuum electronic devices to hold the ultra-high vacuum environment. There are 
traditionally two types of vacuum windows in the development of gyrotrons: the double 
disk window [160] and the single disk window [161]. The double disk windows with the 
coolant flowing between the two discs are usually used in the gyrotrons with ultra-high 
power. In the case of a gyro-multiplier where the generated power is relatively low, a 
single disc window is more preferable for the simplicity of design as well as fabrication. 
Besides, the single disc window can naturally solve the challenge of transmitting two 
frequencies simultaneously.  
It is known that for a single disc window, the disc thickness,  , should be chosen as [162] 
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to minimise the reflection. Here   is an integer and   is the wavelength of the transmitted 
wave.   
  is the relative permittivity of the window material. Suppose the disc thickness 
for the wave at 342 GHz is    and that for the wave at 1368 GHz is   , we have 
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where    and    are the wavelength at 342 GHz and 1368 GHz, respectively. By 
assuming that the two frequencies share the same window thickness and the difference of  
  
  values at the two wavelengths is negligible [163], we have 










                                                                  
By choosing       , the thickness of the window for both frequencies are the same. 
That is, the window designed in this way can transmit both wave beams, one at the 
fundamental frequency and the other one at the fourth harmonic.  
To verify the possibility of transmitting the two frequencies simultaneously, the designed 
single disc window is modelled in CST MWS, as shown in Figure 5-22. The disc material 
is chosen as Sapphire with   
      . The window is designed to be able to transmit 
waves at two frequencies, 342 GHz and 1368 GHz. The incident mode is set as TE11 
waveguide mode. The incident mode is launched from Port 1. Both Port 1 and Port 2 are 
adopted to record the transmitted and reflected signals, from which the S-parameters of 
the window are calculated. Based on (5.23)-(5.26), the thickness of the window disc is 
calculated to be 143    when     .  






Figure 5-22: The cutting-plane view of the single disc window modelled in CST MWS. The incident 
wave is launched at Port 1. Both Port 1 and 2 are used to record the transmitted and reflected signals. 
The S-parameter performance of the designed window is shown in Figure 5-23. The S21 
parameters at 342 GHz and 1368 GHz are -0.39 dB and -0.13 dB, respectively. Thus the 
transmission of the wave beam at the fundamental frequency as well as its fourth 
harmonic can be achieved with a single disc vacuum window. The thickness of the 
window can also be increased by chosen larger    values, to better fulfil the mechanical 














Figure 5-23: The S-parameter performance of the designed single disc window. 
5.4 Frequency Selective Surface Design 
Having shown the capability of the DQMC in transforming the high-order waveguide 
modes into linearly polarised Gaussian beams, the next step would be the design of the 
FSS which separates the high frequency wave from the low frequency one. 
Considering the unusually high output power in the gyro-multiplier case, the dielectric 
materials will induce high level of power loss and heat deformation since the heat 
dissipation ability of the dielectric materials is limited. Thus a metal FSS with high 
conductivity as well as heat dissipation ability should be considered in this application. 
This leads to the choice of an all-metal structure of the FSS, which is formed by 
employing periodic perforations on a brass plate. Such kind of configuration can alleviate 
the challenges of fabricating and aligning the very slim wires at high frequency that are 
indispensible in the FSSs of centre connected type and the loop type. The FSSs formed 
by the periodic perforations on the metal plate usually show high-pass property where the 
frequencies below the cut-off of the perforations will be reflected. 





5.4.1 FSS Design and Simulation 
Based on the above analysis, the designed FSS is shown in Figure 5-24. The lengths of 
the unit cell in both directions are   . The diameter of the circular perforation is  . The 
values of    and   are designed as 0.19 mm and 0.15 mm, respectively. And the 
thickness ( ) of the brass plate is 0.10 mm. The designed angle of incidence for the FSS 
is    , which has been shown in Figure 5-3 as    . 
 
Figure 5-24: Unit cell of FSS. 
The above design is modelled in CST MWS to evaluate the performance of the FSS. The 
incident field is set as a plane wave excited by the Floquet port. An additional Floquet 
port is applied at the other side to record the S21 parameter. The periodic boundary 
condition is adopted on the four edges of the unit cell, to emulate an infinitely sized FSS. 
The S21 parameter of the designed FSS is shown in Figure 5-25. The simulation result has 
shown a S21 value of -34.01 dB at 342 GHz and that of -0.52 dB at 1368 GHz, indicating 
that the low frequency content will be reflected while the high frequency content will be 
transmitted. Thus the two frequencies can be separated by the designed FSS with good 
isolation.  
  
   






Figure 5-25: The S21 parameters of the designed FSS. 
Figure 5-26 (a) shows that as the diameter of the perforation varies from 0.13 mm to 0.17 
mm, the insertion loss at 342 GHz remains higher than 27.66 dB while that at 1368 GHz 
stays below 0.52 dB. Figure 5-26 (b) shows that as the thickness of the brass slab varies 
from 0.08 mm to 0.12 mm, the insertion loss at 342 GHz remains higher than 29.94 dB 
while that at 1368 GHz keeps lower than 0.74 dB. And as the angle of incidence varies 
from     to    , the insertion loss at 342 GHz stays higher than 33.94 dB while that at 
1368 GHz remains lower than 0.54 dB. From the above analysis, the designed FSS can 
tolerate fabrication error of 0.02 mm regarding the diameter of the circular perforations as 
well as the thickness of the FSS slab. The insertion loss can be maintained as below 1 dB 
given the above fabrication error. Such accuracy can be provided by the traditional 
etching technology. And it can tolerate an alignment error of    regarding the angle of 
incidence. 











Figure 5-26: The S21 parameters of the designed FSS and the sensitivity test regarding  ,  and     
with CST Microwave Studio. (a) The S21 parameters of the designed FSS; (b) The sensitivity test 
regarding  ; (c) The sensitivity test regarding ; (d) The sensitivity test regarding    . 





Figure 5-26 (b) shows that as the diameter of the perforation varies from 0.13 mm to 0.17 
mm, the insertion loss at 342 GHz remains higher than 27.66 dB while that at 1368 GHz 
stays below 0.52 dB. Figure 5-26 (c) shows that as the thickness of the brass slab varies 
from 0.08 mm to 0.12 mm, the insertion loss at 342 GHz remains higher than 29.94 dB 
while that at 1368 GHz keeps lower than 0.74 dB. And as the angle of incidence varies 
from     to    , the insertion loss at 342 GHz stays higher than 33.94 dB while that at 
1368 GHz remains lower than 0.54 dB. From the above analysis, the designed FSS can 
tolerate fabrication error of 0.02 mm regarding the diameter of the circular perforations as 
well as the thickness of the FSS slab. The insertion loss can be maintained as below 1 dB 
given the above fabrication error. Such accuracy can be provided by the traditional 
etching technology. And it can tolerate an alignment error of    regarding the angle of 
incidence. 
5.4.2 Possibility of Breakdown for the Designed FSS 
For consideration of the electric breakdown problem, the maximum electric field (    ) 
induced on the surface of the designed FSS by the incidence of the quasi-Gaussian beams 
should be examined. Since the FSS will be radiated by the two quasi-Gaussian beams 
simultaneously,      can be calculated as  
                                                                      
where        and        are the maximum electric field induced on the FSS by the LF 
and the HF incidence, respectively. The electric breakdown will occur when 
                                                                           
in which    is the breakdown electric field strength of the material around the FSS. In the 
design where a freestanding FSS is exposed to the air [117],  
       
                                                                   
Since the incident waves on the FSS at 342 GHz and 1368 GHz are quasi-Gaussian 
beams with the maximum electric field amplitude of    
                and 





   
               , respectively, the determination of the        and        
values is difficult. However, another set of variables can be defined to estimate the upper 
limit of the        and        values, which are denoted as       
  and       
 . 
      
  is the maximum electric field strength induced on the designed FSS when the 
incident field is a plane wave at 342 GHz with an uniform electric field amplitude of    
  . 
And       
  denotes the maximum electric field strength induced on the FSS when the 
incident field is a plane wave at 1368 GHz with an uniform electric field amplitude of 
   
  . Thus it can be interpreted that 
      
                                                                          
      
                                                                         
And the values of       
  and       
  can be calculated by [120]  
      
     
                                                               
      
     
                                                              
The maximum field enhancement factor (MFEF) is defined as the ratio between the 
maximum electric field amplitude inside the FSS and the incident electric field strength 
[120].        and        are the MFEF factors at 342 GHz and 1368 GHz, 
respectively. And the values of       and       can be obtained from the full-wave 
EM simulation with CST MWS as 1.19 at 342 GHz and 3.28 at 1368 GHz, respectively. 
Thus it can be derived from (5.32) that 
      
                                                                  
      
                                                                  
By combining (5.30)-(5.33), it can be derived that 
            
                                                       





It can be seen that when being radiated by the high-power output from the DQMC, the 
induced maximum electric field on the FSS, while being considerably high, does not 
exceed the breakdown limit of the air. This implies that the above designed FSS is 
capable of handling the high-power THz output from the gyro-multiplier. 
Chapter Summary 
In this chapter, the design of the dual-harmonic quasi-optical mode converter (DQMC), 
the single disc window (SDW) and the frequency selective surface (FSS) are described. 
The study has shown that the high-order output modes from the gyro-multiplier can be 
effectively converted and separated by the designed output system into two quasi-
Gaussian beams. The sensitivity test of the designed high-pass FSS is also conducted as 
the basis of the fabrication. 
 





Chapter 6 Experimental Study of the FSS 
This chapter focuses on the experimental study of the designed FSSs. It begins by 
introducing the experimental set-up of the THz-TDS test bench and its operation 
principle. Then, the measured results of the designed high-pass FSSs are summarised 
with comparison with the simulated ones. Finally, this chapter proposes and 
experimentally verifies some methods to improve the performance of the FSS. 
6.1 Experimental Set-up 
There are traditionally two types of system that can be used in the experimental 
characterisation of the FSS: the vector network analyser with testing frequency range up 
to 1.1 THz [164] and the THz-TDS system [13] with that typically between 0.1 THz and 
3 THz. Since the FSSs to be used in the designed output system will operate at 
frequencies as high as 1368 GHz, the THz-TDS system is chosen for the experimental 
characterisation.  
Figure 6-1 shows the THz-TDS system used to test the fabricated FSS. The system is 
developed in the Antenna Lab of Queen Mary University of London. Its effectiveness and 
accuracy have been demonstrated in a number of previous literatures [165-167].    






Figure 6-1: The THz-TDS bench used for the experimental test of the FSS. 
Figure 6-2 shows the operation principle of the THz-TDS system. A femtosecond laser 
beam is generated from a Ti:Sapphire laser, which is then split into a pump and probe 
laser beam. The pump laser beam, after passing the delay stage, is used for excitation of 
the photoconductive antenna to generate THz radiation. The radiation is then guided by a 
number of mirrors along a beam path to go through the sample. After going through the 
sample, the transmitted THz signal can be detected by the probe laser beam by electro-
optical sampling. The electro-optical sampling is based on the <110> ZnTe crystal which 
becomes birefringent when being exposed to the THz radiation. The polarisation of the 
probe laser beam, which is also directed through this crystal, will be rotated with an angle 
proportional to the electric field magnitude of the THz radiation. Then, by measuring the 
rotation angle, the electric field amplitude variation of the THz radiation as a function of 
the time delay induced by the delay stage, can be obtained. By applying the Fourier 
Transformation, the equivalent frequency domain spectrum can be generated. 
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Figure 6-2: The schematic view of the THz-TDS system. 
In the actual experiments with the THz-TDS system, the test should be conducted by two 
steps. Firstly, the sample measurement is conducted with the sample placed on the optical 
path of the THz radiation. The Fourier Transformation is performed to the received signal 
to retrieve the spectrum. Then, the same procedure is applied after removing the sample 
from the optical path of the THz signal. And a reference spectrum can be derived from 
the measurement. The ratio between the two spectra reveals the interaction between the 
sample and the THz signal, and can be used to calculate the S21 parameter of the designed 
FSS. 
6.2 The FSS Experimental Results 
Based on the parameters described in Section 5.4.1, two samples of the designed FSS are 
fabricated by perforations on a brass slab. And they are numbered as Sample 1 and 
Sample 2, respectively. Both samples are formed by arrays of         circular 
perforations. 
Figure 6-3 shows the fabricated Sample 1 as a whole view. The detail of the array is too 
small to be distinguished by naked eyes. To identify the accuracy of the fabrication, a 
microscopic image of it is shown in Figure 6-4. Good alignment of the holes can be 
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Figure 6-3: The fabricated FSS Sample 1. 
 
Figure 6-4: The microscopic view of FSS Sample 1. 
The comparison between the designed parameters and the averaged fabricated sizes of the 
two samples are shown in Table 6-1. To obtain the averaged values of   ,  and  , 10 
measurements at different locations are taken for both samples. The values of the 20 
measurements are then averaged. It is found that the diameters of the individual 
perforations vary from 144    to 152   . The fabricated thickness of the FSS slab is 
also in good agreement with the designed value. 





Table 6-1: The comparison between the designed parameters and averaged fabricated sizes. 
                       
Designed 0.190 0.150 0.100 
Fabricated 0.187 0.149 0.097 
Relative Error 1.6% 0.7% 3% 
Having verified the accuracy of the fabrication, the designed FSS is then tested in the 
aforementioned THz-TDS system to experimentally characterise the S21 performances. 
Firstly, by scanning the delay stage in Figure 6-2 without the FSS sample, the 100 fs 
probe laser beam can sample the reference THz signal in the time domain. Then, the 
same process is repeated with the FSS placed in the path of the THz signal, to record the 
sample pulse. The recorded reference and sample pulses are shown by the red and blue 
curves in Figure 6-5, respectively. In the test, the step width   of the delay stage is set as 
10   . By moving the delay stage by one step, the increased length of the optical path is 
  . Thus each step of the delay stage represents a time delay of     , where   is the 
speed of light in free space.    
 
Figure 6-5: The experimental recorded time domain variation of the reference and test THz signal 
for Sample 1. 





By Fourier Transformation of both signals from time domain to frequency domain, the 
spectrum of the reference and sample signals are shown in Figure 6-6. As the dynamic 
range of the THz-TDS system is from 0.1 THz to 3 THz, only the spectrum within this 
frequency range is shown.  
 
Figure 6-6: The frequency domain spectrum of the reference and test THz signal for Sample 1. 
Assuming that the amplitudes of the reference signal and the test THz signal at a given 
frequency point are      and     , respectively, the S21 parameter at this frequency can 
be calculated as 
         
    
    
                                                           
Figure 6-7 shows the comparison between the simulated and the measured results of the 
S21 performance for the two samples. In the simulation with the unit cell model and 
periodic boundary condition, the two fundamental Floquet modes are considered [73]. 
Simulation with more Floquet port modes will generate more accurate results, while 
taking more time. The black curve is the simulated S21 variation with frequency using the 
averaged fabricated parameters as listed in Table 6-1. The red-circle and blue-square 
curves are the experimental S21 when either side of the FSS is placed facing the incoming 
THz wave of the test system. It can be seen that both samples show similar S21 





performance within the frequency range between 200 GHz and 1600 GHz. And both the 
simulation and the experimental results show similar variation trend of the S21 parameters 





Figure 6-7: The comparison between the simulation and experimental results for: (a) Sample 1; (b) 
Sample 2. The black curve is the simulated S21 performance with the measured sizes listed in Table 6-
1. The red-circle and blue-square curves are the measured S21 performance when the two sides of the 
FSS sample are facing the incoming test beam, respectively. 





Based on the results shown in Figure 6-7, the averaged experimental S21 values at 342 
GHz and 1368 GHz for the two samples are summarised in Table 6-2. It can be seen that 
the insertion loss values of the two samples at 342 GHz are higher than 34.85 dB, 
showing satisfactory rejecting property at this frequency. The insertion loss values at 
1368 GHz for the two samples are 1.05 dB and 1.61 dB, respectively. The -3 dB 
transmission bandwidths in the experiments are narrower than their counterparts in the 
simulations, which can be attributed to the surface roughness, the flatness of the slab, and 
the diameter variation of each hole at different depths. 
Table 6-2: Summary of the transmission performance of the fabricated samples. 
 S21 at 342 GHz S21 at 1368 GHz Maximum S21 Frequency point with maximum S21 
Sample 1 -34.85 dB -1.05 dB -0.94 dB 1361 GHz 
Sample 2 -36.41dB -1.61 dB -1.35 dB 1295 GHz 
Table 6-2 also summarises the highest values of the S21 parameters of the two FSS 
samples and the frequency points at which they are reached. It can be seen that the lowest 
insertion loss values of the FSSs are reached at frequencies lower than 1368 GHz.  
The above analysis naturally leads to two methods to increase the transmission 
performance at 1368 GHz. On the one hand, fabrication technologies other than the 
etching process can be used for improved precision, such as the computer numerically 
controlled (CNC) milling machining [168] process. On the other hand, given the limited 
fabrication precision in the THz range, the FSS design can be modified to enable better 
transmission performance at 1368 GHz. For example, the diameter of the perforations can 
be reduced to around 0.14 mm, which will help to increase the frequency at which the 
maximum S21 is obtained. And the hexagonal array instead of the square array is also 
worth looking into for its potential to reduce the diffraction loss of the FSS at 1368 GHz. 





6.3 The Designs for Improvement 
Several methods to increase the transmission coefficient of the high-pass FSS at 1368 
GHz have been proposed in the previous section. In this section, the effort of employing 
smaller perforation diameter, smaller inter-element spacing and a hexagonal array are 
carried out. It should be noted that due to the availability issue, the copper plates are used 
in the following fabrication, instead of the previously used brass ones.  
6.3.1 FSSs with Smaller Perforation Diameter 
It can be interpreted from Figure 6-7 that by reducing the perforation diameter of the FSS, 
the S21 curve will have its peak located at frequencies around 1368 GHz. This section will 
be dedicated to utilise such algorithm.  
Table 6-3 shows the comparison between the original design parameters used for the 
previous samples and the new ones. Compared with Sample 1 and 2, Sample 3 has the 
same inter-element spacing but smaller perforation diameter. Sample 4 utilise both 
smaller    and   values. The designed thickness of the FSS slab is kept the same.  
Table 6-3: The comparison between the design of Sample 1&2 and the proposed new designs. 
                    
Design of Sample 1&2 0.190 0.150 0.100 
Design of Sample 3 0.190 0.140 0.100 
Design of Sample 4 0.180 0.140 0.100 
Figure 6-8 shows the comparison between the S21 of the design for Sample 1&2 and the 
new designs. It can be seen that the transmission bands of the new designs are located in 
relative higher frequency range than the original design.  






Figure 6-8: The comparison between the S21 performance of the design for Sample 1&2 and the new 
designs.  
Figure 6-9 shows the fabricated Sample 3 as a whole view. To assess the quality of the 
fabrication, a microscopic image of it is shown in Figure 6-10. Good alignment of the 
holes can be observed. It is however noted that the quality of the circular perforation is 
generally poorer than that of Sample 1 as shown in Figure 6-4. The is because to achieve 
perforations with diameters below 0.15 mm is beyond the upper limit of the etching 
technology used in the fabrication [169]. The concentration of the chemical drugs and the 
exposure time during the etching process may also affect the quality of fabrication. 






Figure 6-9: The fabricated Sample 3 with copper. Sample 4 shares the same arrangement but is of 
different sizes. 
 
Figure 6-10: The microscopic view of FSS Sample 3. The quality of the perforations are generally 
worse than that of Sample 1, as shown in Figure 6-4. 
Similar degradation of fabrication accuracy can be observed from the microscopic view 
of Sample 4, as shown in Figure 6-11.  






Figure 6-11: The microscopic view of FSS Sample 4. 
The comparison between the designed and averaged fabrication sizes for Sample 3 and 4 
can be seen in Table 6-4. The averaged fabricated sizes are obtained by 10 sample 
measurements. 
Table 6-4: The comparison between the design and averaged fabricated sizes for Sample 3 and 4. 
                    
Design of Sample 3 0.190 0.140 0.100 
Fabricated of Sample 3 0.193 0.147 0.097 
Relative Error 1.6% 5% 3% 
Design of Sample 4 0.180 0.140 0.100 
Fabricated of Sample 4 0.182 0.142 0.098 
Relative Error 1.1% 1.4% 2% 
Figure 6-12 shows the comparison between the simulation results using the fabricated 
parameters in Table 6-4 and the experimental outcomes for Sample 3 and 4. It can be 





seen that due to the limited fabrication precision, the transmission bandwidths in the 





Figure 6-12: The comparison between the simulation and experimental results for: (a) Sample 3; (b) 
Sample 4. The black curve is the simulated S21 performance with the designed sizes listed in Table 6-
4. The red and blue curves are the measured S21 performance when the two sides of the FSS sample 
are facing the incoming test beam, respectively. 





Table 6-5 summarises the S21 performance comparison between Sample 1, 3 and 4. It can 
be seen that all the three FSSs have high reflectivity at 342 GHz. Since Sample 3 and 
Sample 4 are fabricated at the same time and under the same condition, a fair comparison 
can be made between the two. The fact that the insertion loss of Sample 4 at 1368 GHz is 
much lower than that of Sample 3 suggests that the inter-element spacing is an essential 
parameter in determining the performance of the FSS. This is because the diffraction loss 
can be reduced by adopting smaller inter-element spacing [170]. Further reduction of the 
insertion loss at 1368 GHz by decreasing    is restricted by the capability of the etching 
technique. 
Table 6-5: The S21 performance comparison among Sample 1, 3 and 4. 
 S21 at 342 GHz S21 at 1368 GHz 
Sample 1 -34.85 dB -1.05 dB 
Sample 3 -32.75 dB -1.81 dB 
Sample 4 -30.76 dB -0.40 dB 
6.3.2 FSS of Hexagonal Array 
The hexagonal array is shown in Figure 6-13. In such arrangement, each perforation is 
surrounded by six neighbouring units. And the distances between the central unit and the 
neighbouring units are the same.  
 
Figure 6-13: The schematic view of the hexagonal array. 
  
 





The reason for looking into the hexagonal arrangement is its potential to employ larger 
inter-element spacing,   . The diffraction limit for the FSS with periodic perforations can 





   
 
 
           
                                                 
for an air-dielectric environment.   is the wavelength and 
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When the ratio between    and   exceeds this limit, the transmission diffraction will 
occur and the transmission coefficient of the FSS will decrease. It can be seen from (6.2) 
and (6.3) that the hexagonal array generally has higher diffraction limit, meaning that 
relatively larger value of    can be used without degrading the S21 performance.  
Table 6-6 summarised the design parameters of Sample 1 and 5. Also presented are the 
theoretical diffraction limits for the two designs. It can be seen that the design of Sample 
1 has exceeded the diffraction limit of the square array. And the design of Sample 5 stays 
within the diffraction limit of the hexagonal array even when    is chosen as 0.20 mm.  
Figure 6-14 shows the comparison between the S21 curve of the design for Sample 1&2 
and that of the new design. It can be seen that while both designs show good transmission 
performance at 1368 GHz, the transmission band of the new design is located at relative 
higher frequencies than the original design. 
Table 6-6: The design parameters as well as the diffraction limit comparison between the original 
design and the design used for Sample 5. Here          corresponding to 1368 GHz. 









Sample 1 0.19 0.15 0.10 0.79 0.86 
Sample 5 0.20 0.14 0.10 0.92 0.91 






Figure 6-14: The comparison between the S21 performance of the original design and the design of 
the hexagonal array. 
Figure 6-15 and Figure 6-16 show the whole and microscopic views of the fabricated 
Sample 5, respectively. Good alignment of the hexagonally arranged holes can be 
observed. It is also noted that the quality of the circular perforation is generally worse 
than that of Sample 1 as shown in Figure 6-4, the reason of which has been discussed 
earlier. 
 
Figure 6-15: Fabricated Sample 5 with copper.  






Figure 6-16: The microscopic view of FSS Sample 5. 
Table 6-7 compares the designed and the averaged fabricated sizes of Sample 5. The 
averaged fabricated sizes are obtained by 10 sample measurements. 
Table 6-7: The comparison between the design and averaged fabricated sizes for Sample 5. 
                    
Design  0.200 0.140 0.100 
Fabricated 0.199 0.144 0.099 
Relative Error 0.5% 2.9% 1% 
Figure 6-17 shows the comparison between the simulation results of Sample 5 using the 
fabricated sizes in Table 6-7 and the experimental results. It can be seen that the two 
reasonably agrees with each other. The narrower transmission bandwidth of the 
experimental result can be attributed to the fabrication errors, as discussed earlier. 






Figure 6-17: The comparison between the simulation and experimental results for Sample 5. The 
black curve is the simulated S21 performance with the designed sizes listed in Table 6-7. The red and 
blue curves are the measured S21 performance when the two sides of the FSS sample are facing the 
incoming test beam, respectively. 
Table 6-8 summarised the comparison between the S21 values of Sample 1 and Sample 5. 
Both have similar performance at the two designed frequencies, while the latter enables 
the adoption of the larger inter-element spacing, which is a favourable factor to alleviate 
the fabrication difficulties. 
Table 6-8: The comparison between the experimental S21 performance of Sample 1 and 5. 
 S21 at 342 GHz S21 at 1368 GHz 
Sample 1 -34.85 dB -1.05 dB 
Sample 5 -34.11 dB -1.19 dB 
By measuring the fabricated FSS samples, the root-mean-squared (rms) values of the 
fabrication error regarding the perforation diameter are calculated to be 2   , 2   , 7 
  , 5    and 5    for Sample 1 to 5, respectively. The fabrication error is mainly 
determined by the metal used for the fabrication, the expertise of the operator, the 
concentration of the chemical solution and exposure time of the sample.    





It can be seen from the above experimental results and analysis that without utilising the 
fabrication technologies with higher precision, such as the nano-CNC technology [172] 
which is typically more time-consuming and expensive, the performances of some of the 
fabricated FSSs are satisfactory. The trade-off of using the traditional etching technique 
in this study is that due to the limited precision, the surface roughness property and the 
non-uniformity of the perforations, the transmission bandwidth is narrowed, which is 
however an unnecessary concern in this study as the gyro-multiplier is an oscillator with 
very narrow operation frequency bands. It is also foreseeable that even larger angles of 
incidence can also be realised with sacrifice of the transmission bandwidth. 
Chapter Summary 
In this chapter, the fabrication and experimental test of the high-pass FSSs are described 
in detail. The experimental results have confirmed the validity of the design procedure in 
Chapter 5. It is shown that by the original design, the insertion loss of the fabricated FSS 
at 1368 GHz is 1.05 dB while that at 342 GHz is 34.85 dB. To reduce the insertion loss at 
1368 GHz, several methods have been utilised, namely the adoption of smaller 
perforation diameters, reduced inter-element spacing and hexagonal array. Sample 4 
which employs smaller inter-element spacing and perforations has shown the lowest 
insertion loss of 0.4 dB among all the samples. Sample 5 of hexagonal type shows similar 
S21 value at 1368 as the original design, but enables larger inter-element spacing. The 
performances of Sample 1, 4 and 5 will be sufficient to fulfil the requirement of the gyro-
multiplier output system. The error analysis regarding the fabrication of the FSSs has also 
been done. 
 





Chapter 7 Conclusions 
This chapter concludes the thesis, highlights the key contributions and suggests the future 
work. The author‘s publications during the doctoral study are also listed.  
7.1 Summary of Previous Work 
This thesis focuses on the high-harmonic operation of the gyro-devices in the THz range, 
which has great potential of reducing the required external magnetic field. Specifically, it 
involves the numerical tool development for the gyrotrons, the study of high-harmonic 
beam-wave interaction in a large-orbit gyrotron (LOG) and the investigation of the output 
system for a fourth-harmonic gyro-multiplier.  
Firstly, the steady-state non-linear theory has been adopted in the development of a 
complex-cavity large-orbit gyrotron, which also serves as the basis for the sectioned-
cavity gyro-multiplier. The cold-cavity code generated from this theory can be adopted in 
the analysis of high-harmonic gyro-devices. The corresponding hot-cavity simulation 
code has been verified by comparing its result with that from the 3D PIC software. Such 
code can be further upgraded and used in the analysis of the sectioned-cavity gyro-
multiplier in the steady-state. 
Secondly, a high-harmonic LOG operating with the TEm,1,1 modes (m=4-9) has been 
designed and characterised in the THz band. The operation of the designed LOG at the 
eighth harmonic with the TE8,1,1 modes is investigated in detail to give an overview of the 
beam-wave interaction dynamics, starting oscillation process and the Ohmic loss at very 
high harmonics. The parameter variation study is also performed to provide a general 
conclusion of the high-harmonic LOGs operation. The study is then extended to show 
that by proper choice of the operation parameters, selective excitation of oscillation from 
the fourth to the ninth harmonic of the electron cyclotron resonance can be achieved with 
kW-level output power from 230 GHz to 465 GHz. By enabling the high-harmonics 
operation, the required external magnetic field strengths are reduced to the range between 





2.6 T to 3.1 T. Upon verification of the model, the multi-modes, multi-harmonics 
behaviour of the designed LOG is studied by looking into the mode competition scenario 
between neighbouring harmonics. The operation points at which the single mode 
operation can be enabled are also discussed. 
Thirdly, the investigation of a quasi-optical output system for the fourth-harmonic gyro-
multiplier in the THz band has been conducted. To solve the challenges in conversion 
and separation of the dual-harmonic output from the gyro-multiplier, a dual-harmonic 
quasi-optical mode converter (DQMC) and a frequency selective surface (FSS) are 
integrated within this system. The design of the DQMC is based on the consideration of 
the transmission characteristics of both high-order waveguide modes. It is shown that the 
optimal design of the DQMC is enabled by the special mode selection criteria of the 
gyro-multiplier. The converted quasi-Gaussian beams show Gaussian contents of 94.6 % 
and 89.6% at 342 GHz and 1368 GHz, respectively. The high-pass FSS is designed, 
fabricated and experimentally verified by a THz-TDS system. Reasonable agreement 
between the simulated results and experimental ones has been achieved. After 
demonstrating that the designed FSS is capable of handling the high-power output from 
the gyro-multiplier, several methods of improving its performance have been proposed 
and experimentally tested. Of all the fabricated FSSs, the one with the best performance 
has shown insertion loss values of 30.76 dB at 342 GHz and 0.4 dB at 1368 GHz, which 
can well satisfy the requirement of the output system. 
7.2 Key Contributions 
The key contributions to knowledge from this thesis are summarised as follows: 
A nonlinear steady-state simulation code has been developed as an in-house tool for the 
analysis of gyro-devices. This tool is verified by comparison of the generated results with 
that from the 3D PIC software and proved to be efficient at the design stage of the gyro-
devices.  
A comprehensive study of the high-harmonic operation of a LOG with the TEm,1,1 modes 
(m=4-9) is conducted in the THz band with the assistant of 3D PIC simulation. Based on 





the model, the multi-modes, multi-harmonics behaviour of the device is characterised, the 
results from which will be beneficial to the future experimental work.  
An original investigation on the output system for the fourth-harmonic gyro-multiplier is 
carried out. The combination of a DQMC and a FSS in the system is proposed and 
verified numerically. The design of a DQMC is carried out by geometrical optics analysis 
and verified by numerical simulations.  
The design of a single disc window for the simultaneous transmission of two waves at 
342 GHz and 1368 GHz has been done. The numerical investigation has shown 
satisfactory transmission property at both frequencies. 
By the combination of theoretical analysis, numerical simulation and experimental testing, 
the operation of the high-pass FSS at 1368 GHz is verified and the performance is greatly 
improved in a cost effective way. Only traditional etching technology is required to 
achieve satisfactory performance of the designed FSS. All the fabricated FSSs show good 
reflectivity at 342 GHz. One of them with the best performance shows an insertion loss as 
low as 0.4 dB at 1368 GHz.    
7.3 Future Work 
Since most of the previous study on the beam-wave interaction of the gyro-multiplier is 
conducted by the time-consuming 3D PIC simulation, a highly-specialised computer code 
will be helpful for the characterisation and preliminary development of the device. As the 
sectioned-cavity gyro-multiplier is actually based on the complex-cavity gyrotron scheme, 
the existing non-linear theory of the latter can be extended for studying the beam-wave 
interaction and frequency-multiplication of the former. Thus one of the future tasks will 
be the development of a self-consistent, steady-state nonlinear code for the gyro-
multiplier. 
It is found in the study of the high-harmonic LOG that, by varying the external magnetic 
field, selective excitation of a series of modes at different harmonics and with different 
axial index can be achieved. Thus such kind of LOG has the potential to provide coherent 





radiation with broadband frequency step-tunability by enable the beam-wave interaction 
from the fourth to the ninth harmonic. Apart from studying the frequency step-tunability 
of the LOG scheme developed in this thesis, the future work includes the demonstration 
of LOGs with even higher harmonic operation (    ) to boost the operation frequency 
to 1 THz as well as the incorporation of TEm,n (   ) modes in these LOGs operation to 
both increase the power capacity and decrease the Ohmic loss of the cavity. 
Besides, after characterisation of the high-voltage LOG scheme, a low-voltage LOG will 
be designed and studied based on an 80 kV, 0.7 A electron beam with an velocity ratio of 
1.4. By lowering the operation beam voltage, the existing electron beam source for the 
designed gyro-multiplier is ready to be used in the experimental verification of the theory 
and design of the high-harmonic LOG. 
The design of the output system for the fourth harmonic gyro-multiplier will also be 
improved and optimised. Although the modified Vlasov launcher has showing acceptable 
results in terms of the power transmission efficiencies and Gaussian mode contents of the 
converted wave beams, further improvements of the performance is still possible. For 
example, the adoption and optimisation of a Denisov launcher for both high-order modes 
will be intriguing.  
The fabricated FSS have shown satisfactory performances, but the influences of using 
smaller perforations and hexagonal arrays are not determined. It can only be achieved by 
fabricating more samples of different sizes as well as configurations but under the same 
fabrication conditions. As for the electric breakdown problem, the configurations with 
lower MFEF values can be investigated to increase the power capacity. Also, the low-
pass FSS with the resonant transmission peak at around 342 GHz is worth looking into, 
which can help to reduce the fabrication precision requirement. 
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The cyclotron resonance condition as shown in (1.1) can be derived in a number of ways 
[80, 173, 174]. Here the quantum model of a gyrating electron in a homogenous static 
external magnetic field will be briefly revisited [174].  
From the quantum viewpoint, the different gyrating status of the electron represents a 
number of discrete Landau energy levels. The distant between two adjacent Landau 
levels is   , where   is the Planck constant and   is the electron cyclotron frequency in 
the external magnetic field. Due to the interaction with the alternating electromagnetic 
field, the electron can emit a photon with and jump to the nearest lower Landau level, or 
absorb a photon and transit to a nearest upper level.  
The classical electron-electromagnetic interaction can be viewed as electron-photon 
energy exchange. When an electron emits the photon, it loses both its gyrating energy and 
longitudinal momentum. Thus the energy loss of the electron can be expressed by: 
                                                                          
in which     and     are the energy loss values corresponding to the longitudinal 
momentum change and gyration motion, respectively.  
Assuming that the electron jumps down by   Landau level,     can be expressed by 
                                                                              
The part of energy lost due to the reduction of the electron‘s longitudinal momentum can 
be expressed by 
    
  
   
                                                                    
where     is the amount of the reduced longitudinal momentum and    is the longitudinal 
velocity of the electron‘s motion. The lost energy and longitudinal momentum of the 






energy of the photon can be expressed as    with   denoting the classical oscillation 
frequency of the wave. The longitudinal momentum of the photon can be expressed as 
    where    is the longitudinal wavenumber of the photon. Thus is can be obtained that 
                                                                           
and 
                                                                             
From (A1.1) to (A1.5), it can be seen that 
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